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PREFACE
All of the experiments described in this thesis were carried 
out under the supervision of Drc P.B'. Treacy. Chapters 2 and 3 describe 
searches for intermediate structure in two very different reactions,
12C+ 160, and in the excited states of 236U populated by the (d,p) 
reaction.
The data collection for the 12C + 160 experiments described in 
Chapter 2 was shared between Drs0 B.N. Nagorcka, G.D. Symons and 
Pc Bo Treacy and myself. The data analysis of the y-ray yield experiment 
was performed by Drs. B.N. Nagorcka, G0D. Symons and myself. The major 
part of the analysis reported in this thesis represents my own work. The
12 i cC + D0 elastic scattering experiment was analysed by Dr. B0N. Nagorcka 
and myself. The analysis reported in this thesis depends substantially 
on programs developed by Dr. Nagorcka, between one-third and one-half of 
the work presented in the appropriate section is my own.
The computer program used to help interpret the 12C + 160 
elastic scattering experiment was developed by me with the help and 
guidance of Dr. P.BU Treacy. The program is based on subroutines written 
by Drs. H.J0 Hay and P0BU Treacy. The program differs from the program 
written by Dr. Nagorcka in that a search code is used to vary the 
potential parameters.
The 235U(d,pf) and 235U(d,p) experiments described in Chapter 3 
were initiated by Dr. Treacy. Considerable help was received by me from 
technical staff in the design of the target chamber described in §3.20 
Dr. G.S. Foote shared the data collection for the 235U(d,pf) experiment 
with Dr. PoB0 Treacy and myself. The analysis and interpretation of the 
experiment are my own work„
The 235U(d,p) experiment was performed by Dr„ P.B. Treacy and 
myself. I was responsible for the development and scanning of the 
nuclear emulsion plates.
The experiment described in Chapter 4 differs from the other 
experiments in that it is not connected with intermediate structure„ The 
experiment is a search for a new reaction mechanism, which involves two 
steps, both of which are direct reactions. The experiment was suggested 
by Dr„ J. Nurzynski, and the experimental work shared by Dr. J. Nurzynski, 
Dr. P.Bo Treacy, Dr. J.R. Davis, and myself. The data analysis was 
almost entirely my own work.
A paper describing the experiments in Chapter 2 is in 
preparation.
A series of lectures by Dr. B.A. Robson entitled "Scattering 
and Polarization of Nucleons and Deuterons" was reported by Dr. J.V. 
Thompson and myself, and published as an A.N.U. internal report, 
ANU-P/497. No reference is made to this work in the thesis.
No part of this thesis has been submitted for a degree at any 
other University.
Ian Maclean
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ABSTRACT
The yield of y-rays of energy greater than 900 keV, resulting 
from the bombardment of a carbon foil with 160 ions, was measured as a 
function of the bombarding energy. The range of centre of mass energies 
was 5.31 to 10.66 MeV. The relative reaction cross-section for 12C + 150 
was deduced from the data, and normalised to previous measurements of the 
reaction cross-section [Pa 71]„ The S-factors for the reaction cross- 
section were also deduced. The resonance structure previously observed 
[Pa 71], is seen more clearly because of the better resolution possible 
in the present experimento
The 12C + 160 elastic scattering cross-section was measured over 
a similar range of energies at centre of mass angles corresponding to 
zeros of several low order Legendre polynomials in an unsuccessful 
attempt to determine the spins of the above resonances. The data enable 
a single-particle model of the 12C + 160 interaction, proposed to explain 
the reaction cross-section [Na 72] to be tested.
The yield of protons at 120° in coincidence with fission 
fragments from the 235U(d,pf) reaction was measured for excitation 
energies of the 236U nucleus above 5.3 MeV* Some structure, probably 
associated with intermediate structure in the fission channel, is 
observed. The resolution was 55 keV. An attempt to obtain similar data 
at an excitation energy of 4.8 - 5.0 MeV in the 236U nucleus with a 
resolution of about 20 keV, was unsuccessful. The yield of protons from 
23bU(d,p) was measured over the range of excitation energies 4.4-5.1 MeV 
to determine if any intermediate structure occurred in the region where 
fission was improbable. Some evidence for such structure is observed.
The cross-section for the inelastic scattering of 13C + p to the 
first and third excited states of 13C was measured over the angular range 
15° - 60° (lab) to test a prediction that the cross-section would rise 
sharply at forward angles due to the two-step reaction, in which both 
steps are direct. The energy of the incident protons was varied over the 
range 5025 to 6.75 MeV. No evidence for these reactions was observed.
CHAPTER 1
INTRODUCTION
This chapter gives a brief review of the compound nucleus and 
direct reaction models of nuclear reactions, and indicates how 
intermediate structure may be regarded as structure intermediate between 
that due to the two extreme models. Finally, an outline of the thesis is 
given.
§1.1 THE COMPOUND NUCLEUS MODEL
The first nuclear reaction experiments performed with low- 
energy neutrons revealed a large number of very narrow resonances in the 
reaction cross-sections. These resonances were interpreted by N„ Bohr 
[Bo 36] as being due to the formation of a long-lived "compound" nucleus, 
in which the excitation energy is shared statistically amongst all the 
nucleons in the compound nucleus. These resonances are often isolated, 
in which case the cross-section is given by the well-known Breit-Wigner 
formula
°cc* = k2* (E - E )2 + 3^2 ' (lol)c X
where
the subscript "c" denotes the incident channel, and "c*" the exit 
channel,
T , T , are the widths of the resonance in the channels c, c', c’ c’
T, the total width of the resonance, is the sum of the widths of all 
the energetically-allowed channels,
k is the wave number in the channel c, c
E is the energy,
and E^ is the resonance energy.
2For the purposes of reproducing the experimental data with a 
model, it is convenient to adopt the R-matrix theory [La 58], by 
expressing the channel widths of each resonance, denoted by in terms
of penetration factor and a "reduced widths", y 2AC
r Ac 2Pc (1.2)
where P , the penetration factor, is given by
k R
pc = Fg(kcR) *Gg(kcR) ’ (1°3)
where R is the "channel" radius and Fq and Go are the regular and 
irregular solutions of the Coulomb wave equation for neutrons with zero 
orbital angular momentum.
The width of these slow-neutron resonances is typically an 
electron volt. The spacing of the resonances is determined by the 
excitation energy and mass of the nucleus [Gi 65]„
As the excitation energy is increased, the resonances become 
more dense, and their channel widths become broader. For example, 
between 25 and 35 MeV excitation energy, the total width of compound 
states populated in the 12C + 160 reaction averages 118 keV [Ha 67],
At an excitation energy of about 10 MeV, the resonances overlap 
in almost all nuclei.
In these circumstances, the cross-section becomes smoother, but 
even when the width is many hundreds of times the resonance spacing, 
substantial fluctuations in the cross-section may occur [Br 63]„ However, 
if the number N of open decay channels c1 is large, the probability of 
large fluctuations about the average cross-section <a> is reduced* In 
fact, the standard deviation of this probability distribution becomes 
< o )//N, if N is large [Ho 71] *
§1.2 THE DIRECT REACTION MECHANISM
A direct reaction is defined as a reaction in which the system 
passes directly from the initial state to the final state. The direct 
reaction thus contrasts sharply with reactions proceeding via the 
intermediate stage of the compound nucleus. Direct reactions occur in a 
time comparable with that required for a nucleon to cross the nucleus —
3consequently the widths of the states populated by direct reactions are 
usually several MeV0 In direct reactions, the interaction between two 
nuclei is represented by an average potential. The eigenstates of the 
corresponding Hamiltonian are called "single-particle" states. The 
reduced width of these states is of the order of their reduced width in a 
square well, i.e.
h 2 41.8 MeV/(nucleon fermi2) , (1.4)
where M is the reduced mass (in a.nuu.) and a is the channel radius (in 
ferinis) „
For example, in a system of two particles of masses 125 and 
1 a.nuu. with a channel radius of 804 fermis, the reduced width y^2 is of 
the order of 0„6 MeV. The corresponding penetration factor, for nuclear 
charges of 50 and 1, is approximately 1,3. The observed width is thus, 
(equation 1.2), about 1.5 MeV.
In heavy-ion reactions and fission, the reduced widths are 
considerably smaller than the above value due to the much larger reduced 
masses. For 12C + 150, the single-particle reduced width is 135 keV, for 
fission of a mass 240 nucleus into two equal fragments, the single­
particle reduced width is 4 keV.
§1.3 INTERMEDIATE STRUCTURE
The compound nucleus model and the direct reaction model of 
nuclear reactions both describe extreme situations. In the former case, 
there is complete statistical sharing of the excitation energy, and in 
the latter, a single transition from the initial to the final state0 A 
more comprehensive description might allow for types of reactions between 
these two extremes —  the manifestations of such behaviour are called 
"intermediate structure'^
The simplest case of intermediate structure is the occurrence 
of a peak whose width is intermediate between a single-particle width and 
the width of the compound nucleus resonances, or their fluctuations, 
whichever is appropriate.
Another example of intermediate structure occurs when the cross- 
section deviates from its mean to an extent deemed improbable according 
to the statistical theory.
4Moldauer [Mo 67] has indicated that one must be wary of 
identifying as intermediate structure, data indicating peaks of greater 
width, or fluctuations of greater strength, than that expected in the 
usual statistical theory, especially if the transmission coefficient 
exceeds 0.5. The reason for this is that the number of degrees of 
freedom introduced by the standard theory may exceed the number of 
independent channels available to the system.
The identification of intermediate structure is made much more 
definite if unusual peak heights or widths are found to be correlated 
between independent channels. This immediately rules out the possibility 
of the structure being due to statistical fluctuations»
The definition of intermediate structure is an experimental one 
— no particular mechanism or model is implied by the term. In fact 
several models have been proposed for different types of intermediate 
structures:
(i) intermediate coupling [La 55], in which the single-particle 
states are mixed by the residual interaction, that is, that part of the 
total interaction potential not represented by the average potential, 
among the nearby compound nucleus states. The widths of the mixed states 
are thus intermediate between the widths of the unmixed compound nucleus 
states and those of the pure single-particle states.
(ii) doorway states [Ho 71], in which configurations which are 
simple with respect to a certain channel, are preferentially excited» 
These simple configurations are not, however, eigenstates of the average 
potential. The channel width of these configurations is called the 
"escape width" and is normally intermediate between the single-particle 
and compound nucleus widths» The width for decay into more complicated 
configurations is called the "damping width" [Ho 71], The best-known 
examples of doorway states are the two particle-one hole states populated 
when an incident nucleon excites a target nucleon to a more highly 
excited state. A closely related example is the pre-equilibrium emission 
model of Izumo [Iz 65] and Griffin [Gr 66]. Another example of a doorway 
state is the a-cluster model of Michaud and Vogt [Mi 72], postulated in 
an attempt to explain the structure at low energies in the 12C + 12C 
reaction. Also, the excited states of fissionable nuclei which occur at 
large deformation, may be regarded as fission doorway states [La 69]„
Several other models used to explain different types of 
intermediate structure are given in the recent review by Mahaux [Ma 73]„
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§1.4 AN OUTLINE OF THE THESIS
In Chapter 2, the 12C + 160 interaction is investigated, and the 
existence of intermediate structure previously observed in the p and a 
exit channels is confirmed by its observation in the y-ray yield. The 
ratio of the elastic scattering cross-section to the Rutherford cross- 
section was measured in an attempt to determine the spins of the 
resonances. This was not possible because of the domination of the 
Rutherford scattering., However, the elastic scattering data permit the 
testing of a single-particle model proposed to explain the structure in 
the y-ray yield.
Chapter 3 is an investigation of fission in the nucleus 236U„
A 50 keV-resolution proton spectrum of 235U(d,pf) was obtained for 
excitation energies above 5.3 MeV in the 236U nucleus. Weak structure, 
which has also been previously observed, may possibly be due to 
intermediate structure fission resonances. It was not possible to extend 
the results down to 4.8 MeV excitation energy, where structure has 
previously been observed in poorer resolution. 235U(d,p) spectra were 
obtained at two deuteron energies, with a resolution of 35 keV, to 
determine if there was any structure in this reaction. The reasons for 
regarding intermediate structure as possible in 235U(d,p) are given in 
Chapter 3C
In Chapter 4, a search for a direct reaction involving two 
steps, both of which are direct reactions, is reported. The intermediate 
state, in this case 12C + d, is not to be confused with intermediate 
structure. The reaction is predicted to be observed as a rapid rise with 
decreasing angle at forward angles in the inelastic scattering cross- 
sections,, The rapid rise is predicted to occur at all energies, although 
it is expected to be stronger at lower energies. This behaviour does not 
lie within the above definition of intermediate structure»
6CHAPTER 2
THE 12C + 150 INTERACTION NEAR THE COULOMB BARRIER
§2 o1 INTRODUCTION
The interaction between the nuclei of heavy ions is of interest 
because it provides information concerning a number of otherwise 
inaccessible nuclear phenomena, such as the nature and population of 
high-spin states, and the nature of the extreme tails of the nuclear 
potential» The processes of nucleon and cluster transfer between heavy 
ions, and of fusion, are also of interest» In this chapter, we are 
concerned with the potential which will describe the 12C + 160 interaction 
at energies near and below the Coulomb barrier, and the reaction and 
scattering mechanism that can be associated with this potential»
§2.1.1 Theory
The potential describing heavy ion interactions may be 
considered as consisting of three parts: the Coulomb potential, the
nuclear potential, and a potential corresponding to the centrifugal force»
We consider first the case of elastic scattering» At energies 
well below the Coulomb barrier, Rutherford scattering dominates the 
differential cross-section, which is given by
p
g r (e) = |fc (0)|2 = cosec4 ~  , (2.1)
where a is the half-distance of closest approach in a head-on collision,
a Zi Z2 o2y v2 * (2.2)
where
Z^e, Z2e are the nuclear charges,
y is the reduced mass and v is the relative velocity,
0 is the scattering angle in the centre of mass system, 
f (0) is the scattering amplitude given by
7where
f (9) = ---------r- expl-2in In sin y  + 2iao[ ,c 2k sin2 I 1 J
k is the wave number of relative motion, 
n is the dimensionless Coulomb parameter
n = ka =
Zi Z2 e 2 
ti v
(2.3)
(2.4)
and g 0 is the s-wave Coulomb phase shift,
As the energy is raised, the nuclei begin to overlap, and the 
nuclear potential must be taken into account. As a first approximation 
to a nuclear potential, consider the "black nucleus" model, in which 
absorption occurs if the nuclei overlap. The nuclei will overlap if the 
distance of closest approach, d, given by
d = a 1
\0+ cosec 2 (2.5)
is less than the sum of the nuclear radii, R, Thus complete absorption 
will occur for scattering angles greater than a critical angle ©c, given 
by
0 = 2  sin” 1 —  ,c R - a (2.6)
The resultant differential cross-section, expressed as a ratio 
to the Rutherford differential cross-section, will be unity from zero 
degrees to 0 , and zero for greater angles.
At higher energies, the elastic scattering of heavy ions may be 
approximated by the diffraction of a plane wave by an absorbing sphere of 
radius R, This is mathematically equivalent to the diffraction of light 
through a circular aperture, that is, Frauenhofer diffraction. The 
differential cross-section is [Be 69]
ao(0) = (kR2) J l ( kR0 ) ]kR0 0 small (2.7)
where k is the wave number and Ji(x) is the Bessel function of order one. 
In equation (2.7) kR may be regarded as a critical orbital angular 
momentum Lc; partial waves with i less than Lc are absorbed by the 
"black" nucleus. The spacing between maxima of the diffraction pattern 
is
(2.8)
8The scattering amplutude for diffraction scattering is [B1 54]
2i6
f (0) = 2T 2 (2£+ 1) 1 - e P£(cos 0) , (2.9)
where 6^ is the nuclear phase shift. For a black nucleus absorbing 
partial waves up to Lc
2i6£ j o  for i < Lc ,
I 1 otherwise
If both Coulomb and diffraction effects are included, the 
scattering amplitude, f(0), may be written as
where
f(6) fc (0) + fnuc (0) ,
fnuc (0) 2 (2Ä+ 1) P£ (cos 0) , (2.10)
fnUC(0) differs from f(0) of equation (2.9) only in that the Coulomb 
phase shift a , has been included. The differential cross-section
0(6) = |f(6)|2 , (2.11)
then has the form of a Fresnel diffraction pattern, viz., the intensity
of light on a screen near the edge of the shadow of a sharp-edged object,
provided the screen is a finite distance from the object. At low
energies or small angles, the Coulomb scattering amplitude dominates the
differential cross-section, and the ratio a(0)/o (0) exhibits small
fluctuations about unity. At higher energies and larger angles, the
nuclear scattering amplitudes, fnuc(0)> dominates equation (2.11) and
diffraction structure is observed. The ratio o(0)/on (0) equals 0.25 atK
the critical angle, 0 Q
In the region where the diffraction scattering amplitude 
dominates, the ratio o(0)/oR (0) has oscillations both with respect to 
angle and energy. The period of the oscillations in angle is tt/ (Lc + h) 
[Fr 63], while the period of the energy oscillation is
(2.12)
where E is the centre of mass energy and p is the reduced mass. The 
energy E at which a(0)/oD (0) is 0.25 isC K
9E = c
2 sin j 
1 + sin —
where E^ is the Coulomb barrier height,
EB
zi Z2 e2 
R
(2.13)
(2.14)
The energy difference between E^ and E^, where E^ is the energy of the 
maximum of the differential cross-section, is
0COS y
E -E = E ------ =-5- v23 tt/ 4n . (2.15)c m  c , . 0 v '
1 + s m  2
The gross structure of the 12C+ 150 elastic scattering 
excitation functions correspond broadly to that of Fresnel diffraction, 
covering the energy range from pure Coulomb scattering to energies near 
E^o However, there are some further effects of the nuclear potential to 
be considered. 2i«ftThe nucleus is not "black", that is, the transition of e 
between 0 and 1 at the critical orbital angular momentum Lc is not sharp, 
but is spread over a range of £-values. This "smooth cut-off" tends to 
dampen the diffraction pattern. Writing the smooth cut-off as
2i6
e £
f r£ - L 'i
1 + exp cA > (2.16)
the damping will be strong if
A > L /7T/2n . (2.17)c
2 i 6 £Finally, we allow e to be complex. This will occur only if 
the potential well is also complex. For low energies, surface absorption 
potentials are preferred to volume absorption potentials [En 66, p.415].
Superimposed on the damped Fresnel diffraction pattern, the 
excitation function of the ratio of elastic scattering to Rutherford 
scattering will contain statistical fluctuations due to compound elastic 
scattering. These fluctuations are the statistical variations in the 
compound nucleus cross-section referred to in Chapter 1. Assuming the 
reduced width amplitudes have mean zero and a Gaussian distribution, the 
probability that a given level will have a width more than, say, x times 
the mean width, will have a Porter-Thomas distribution. This statistical
10
fluctuation is observed in the elastic scattering and reaction cross- 
sections. The statistical fluctuations decrease as 1//n as the number of 
open channels, N, increases.
The total reaction cross-section is given by
a(E) = ( 2 U 1 )
i
2i 6
1 - e *12 (2.18)
where 6 is complex. The transmission factor is defined as
2 i 6
T* 5 i-le
l I 2 (2.19)
The transmission factor is given by [Mi 70]
where
(2 c 20)
T *  =  4 " f P i S £  >
where f is the reflection coefficient of the optical potential, P^ is the 
penetration factor and s^ is the strength function [Mi 70]» Near the 
Coulomb barrier, the strength function and the reflection coefficient 
vary slowly with energy» The main energy dependence of T^ is contained 
in the penetration factor
' F|(R)+G|(R) * (2-21)
where F (R) and G^(R) are the regular and irregular Coulomb wave 
functions evaluated at the nuclear radius R. Consequently, the S-factor 
defined in [Pa 71], by
o = 2 {21 * 1) P. (2.22)
E l 1
should vary slowly with energy»
§2.1.2 Intermediate Structure
Intermediate structure associated with cluster phenomena will 
result in variations in the cross-section and the widths of levels» The 
variations must be sufficiently strong so that they can be distinguished 
from statistical fluctuations»
11
The mechanism responsible for these structures has remained a 
matter of controversy,, One suggestion [Gr 71a] is that two colliding 
nuclei may share their surface nucleons, with the result that there is a 
small attractive potential between the mass centres of the nucleic The 
mechanism is analogous to that which permits the existence of molecules, 
and such states have been called "quasi-molecular".
The small attractive potential may be described by an optical 
potential with a shallow real well. The imaginary part of the optical 
potential describes the absorption of the quasi-molecular state into 
reaction channels„ A more accurate calculation would use coupled 
channels [Fi 72].
Another suggestion [Mi 72], prompted by the observation of 
further intermediate structure at 4 - 5 MeV in 12C + 12C is the a-cluster 
model. Here the suggestion is that when two 12C nuclei collide, one of 
the nuclei may be regarded as splitting up into three a-particles, to 
form a 3 a-particle doorway state with a 12C core.
§2„1.3 Proposed Experiment
Fluctuations correlated between channels were first observed in 
the y , p, n and a decay of the 12C + 12C system [A1 60], The energies of 
these correlations were below the Coulomb barrier. Further fluctuations, 
correlated between the p, n and a exit channels, have been observed more 
recently at lower energies [Pa 69, Ma 73]. These correlated fluctuations 
typically have widths of 50 - 200 keV„
The elastic scattering of 12C + 12C exhibits diffraction 
structure above the Coulomb barrier. Finer structure is observed 
superimposed on this structure«, At certain energies [Br 60, Br 60a], the 
structure was sufficiently large so as to be unlikely according to the 
statistical model.
In the 160+ 160 system, no unusually strong resonances are 
observed in the elastic scattering [Br 60], but weak structure has been 
observed recently in the reaction cross-section between 8 and 10 MeV 
[Sp 71].
In the 12C+ 150 system, correlated structure has been observed 
in the p and a exit channels [Pa 71] in the region 6.0-8.5 MeV. This 
structure has a width of about 200 keV.
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The first part of this chapter reports a measurement of the 
total reaction cross-section of 160+ 12C obtained (as discussed below) 
from the total y-ray yield. It was expected that the structure observed 
in the p and a S-factors would also appear in the y-ray S-factors. The 
use of a large 7.62 cm x 7.62 cm Nal(Tl) crystal close to the target, 
thus subtending a large solid angle at the target, enabled thinner 
targets to be used, with a resultant improvement in energy resolution,,
The total y yield is expected to be related to the total 
reaction cross-section, as almost all reactions produce observable y-rays. 
At higher energies there is an increased probability of observing a 
particular particle-decay as there is more likely to be more than one 
y-ray emitted as the residual nucleus decays. This effect would tend to 
increase the apparent relative cross-section at higher energies.
The second part of the chapter reports a measurement of the 
elastic scattering in the 160 + 12C system. This was undertaken in order 
to investigate the quantum properties of the resonances observed in the 
p, a and y yields. The resonances might be expected to be stronger in 
the elastic channel as the cross-section will be proportional to the 
square of the elastic channel width, whereas in the reaction channels, 
the cross-section is directly proportional to the elastic channel width.
The elastic scattering also provides data which can be used to 
determine an optical model fit. The values of the optical model 
parameters may be used to determine the mechanisms responsible for the 
scattering.
PART A
THE 12C(160,Ey ) EXPERIMENT
§2.2 PROCEDURE
160 beams from the EN tandem van de Graaff accelerator were 
magnetically analysed, switched into the experimental line, focused by 
magnetic quadrupoles and passed through two tantalum collimators, 0.23 cm 
diameter, 15 cm apart and about 60 cm from the target.
After traversing the target, the beam passed through an 
electron suppressor ring, 30 cm from the target, and biased at 200 Vu
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The beam was collected in a Faraday cage about 3 m from the target.
The experimental line and chamber were pumped by a "Vac-ion" 
ion pump and a portable mercury diffusion pump. The pressure was at all 
times better than 5 x 10-5 mm Hg.
A 7.62 cm x 7.62 cm Nal(Tl) y-ray detector was placed at 90°,
3 cm from rhe target, as shown in Fig. 2.1. The intrinsic peak 
efficiency of the detector was 3.9% at 1 MeV, 2.4% at 2 MeV and 1.4% at 
3 MeV [Ma 68]. The signals from the photomultiplier were passed to an 
ORTEC Model 113 preamplifier, then passed to a shaping amplifier, single 
channel analyser (SCA) and finally, a scaler. The lower level 
discriminator of the SCA was set at 900 keV.
A monitor counter was positioned at 60° ±0.5°. The signal from 
the monitor counter was preamplified, and then shaped before it was 
passed to an ORTEC Model 420 single channel analyser (SCA). The output 
of the SCA was both scaled and used to gate the linear signal from the 
shaping amplifier into a Nuclear Data Model 2200 pulse height analyser 
(PILA). The ungated spectrum consisted of the 12C and proton recoil 
groups only. The SCA was set so as to be biased to detect the 12C recoil 
group. At each change in energy, the gain of the shaping amplifier was 
adjusted so that the 12C recoil group occurred in the same position in 
the PHA spectrum. The scaled output of the SCA was thus the yield of 12C 
recoils.
The 12C recoils at 60° (lab) corresponding to elastic
scattering of 160 at 60° c.m., are entirely due to Rutherford scattering
up to 10.66 MeV [see Br 60a, Si 71]. The relative reaction cross-
section, o , is then reac
where
K Ymon 1
öreac ~ Y E2 * 
Y
(2.23)
Y is the monitor yield, mon
Y^ is the y-ray yield,
E is the energy in the centre of mass system, 
and K is a constant of the experiment.
The yield of y-rays was subject to two sources of background
(a) "Room background" —  defined as resulting from those y-rays 
observed by the y-ray detector in the absence of beam. Room background
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is caused by cosmic rays, radiation from the walls and the floor of the 
experimental room, and long-lived activation of the walls of the target 
chamber, collimators, etc. Room background is assumed proportional to 
the elapsed time of a run.
(b) "Beam background" — when the beam was passed through an empty 
target mount, more y-rays were observed than could be attributed to room 
background. This extra background is caused by radiation from the 
collimators, from beam scattered from the collimator and from the extreme 
"wings" of the beam which may strike the electron suppressor ring of the 
Faraday cup. This background is called "beam background" and is assumed 
proportional to the amount of beam that passes through the target.
To reduce the y-ray background, the Nal crystal was encased in 
lead shielding about 20 cm thick. In addition, 15 cm of lead were placed 
between the collimators and the Nal crystal« Another layer of lead 
shielding was introduced between the Nal crystal and the electron 
suppressor ring, which was 30 cm downstream from the target.
The principal components of the room background in the absence 
of the lower level discriminator were the 838 keV (2+ -+0+) line in 56Fe, 
resulting from the ß-decay of 56Co, and 0.511 MeV annihilation radiation. 
The discriminator setting at 900 keV suppressed scaling of these two 
lines. This discriminator setting enabled detection of the transition 
from the first excited state to the ground state in the following 
residual nuclei: 24Mg, 20Ne, 2&Mg, 23Na. For the residual nuclei 27A1,
27Si, the 900 keV discriminator enables detection of the transition from 
the second excited state to the ground state. With these measures, the 
true to background ratio for the 5-10 yg/cm2 targets was 100/1 at 
8.5 MeV, about 2/1 at 6.1 MeV, and about 1/1 with the 40 yg/cm2 target 
at 5.3 MeV. A typical spectrum, with the discriminator setting removed, 
is shown in Fig. 2.2.
§2.2.1 Energy Resolution
In the 12C+ 12C reaction, structure of width (FWHM) 100-150 
keV is observed [Na 71]. In the 12C(160,p) and 12C(160,a) reactions, 
possibly unresolved structure of width « 200 keV is seen [Pa 71]. It was 
therefore thought desirable to have an experimental resolution of 
somewhat less than these figures (about 50 keV). The energy loss of 160
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in 1 2C at 6 MeV [No 70] (centre of mass energies), is such that targets 
of surface density less than 10 yg/cm2 were necessary. The targets used 
were of surface density 5 yg/cm2, except at the lowest energies (i.e. 
below 5.8 MeV), where the yield became very small, and it was necessary 
to use targets of 40 yg/cm2, with a corresponding worsening of resolution 
to about 200 keV0 A 30 yg/cm2 target was used to obtain the data between 
8c54 MeV and 10.66 MeV.
§2 0 3 12C(160,Zy) RESULTS
Data were obtained at 43 keV (c.m.) intervals between 5.44 MeV 
and 8.54 MeV (c.m.), at 86 keV intervals between 8.54 MeV and 10.66 MeV 
and at 10 keV intervals between 6.15 MeV and 6.75 MeV. Data were 
collected until:
(a) at lower energies, a specified number of counts were recorded 
in the y-ray spectrum; and
(b) at higher energies, a specified number of counts were recorded 
in the monitor spectrum.
The data analysis required calculation of the corrected y-yield, 
monitor yield and energy for use in equation (2.23).
§2.3.1 Corrected y-Ray Yield
The two sources of y-ray background — room and beam — were 
discussed in the previous section.
The beam background was not observable for beam energies up to 
6.40 MeV, rising to 15.8 counts/yC at 8.54 MeV. The beam intensity was 
typically 0.5 - 1 yA.
The room background was found to be a function of energy, 
varying between 16.1 sec-1 at 5.44 MeV to 24.1 sec 1 at 8054 MeV. The 
variation was presumably due to the creation of short-lived activity by 
the beam. Measurements of both room and beam background were made at 
215 keV intervals over the above range, and linear interpolation made to 
estimate the backgrounds at each energy.
Between 8.54 MeV and 1CL66 MeV, the y background was negligible. 
The dead time in the scalers was kept below 2%. Errors in the y-ray 
yield were mainly statistical, and less than 1% except at the lowest 
energies.
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During determinations of the y-ray beam background, some 
particles were detected by the monitor counter with energies above the 
discriminator setting. At low energies, this background was 22 counts/yC 
and 62 counts/yC at 10.66 MeV. Monitor background corrections were 
estimated by linear interpolation between the energies at which the 
background was measured. At the highest energies, the background 
correction to the monitor was 9%.
§2.3.2 Energy Loss
The energy loss of the beam in the target is required in order 
to calculate the experimental mean beam energy, to be used in equation 
(2.23) and equation (2.22). The energy loss is a function of both target 
thickness and beam energy. The energy loss as a function of beam energy 
is tabulated [No 70], but the target thickness was not precisely known. 
The initial thickness was 5-10 yg/cm2, but this increased due to carbon 
build-up [Gr 65]. The initial target thickness was assumed to be 
7.5 yg/cm2. The final target thickness was calculated to be 20 yg/cm2, 
assuming target build-up occurs at the same rate as measured by Groce and 
Lawrence [Gr 65], The average of these two thicknesses was taken to be 
the thickness of the target at all energies. The error in the energy 
loss due to this procedure is less than 10 keV c.m. which is comparable 
to the energy resolution of the beam.
For the 8.54- 10.66 MeV data, and for the 6.10 to 6.75 MeV data, 
the increase in target thickness was comparable to the uncertainty in the 
initial target thickness. In these cases, no allowance was made for 
increases in the target thickness.
The beam energy less half the calculated energy loss of the 
beam in the target was converted to the c.m. system and used in equation 
(2.23) and equation (2022)0 In the latter equation, the assumption was 
made that the average penetration factor equalled the penetration factor 
at the average energy, that is,
_1_
AE
'beam
'beam
Po(E') dE» 
AE 'beam
AE'
2 ' y (2.24)
where AE is the energy loss in the target. This assumption is accurate 
to within 2% for the 40 yg/cm2 target, and to within 0.2% for the thin
19
target. In traversing the 40 yg/cm? target, may vary by 25%, and in 
the thin target, by 6%.
The relative total reaction cross-section was calculated as a 
function of energy using equation (2.23). The absolute total reaction 
cross-section was obtained by normalising the relative cross-section to 
the absolute cross-section obtained by Patterson et at, [Pa 71] at 
6.3 MeV. This cross-section was obtained by adding 15% (for the neutron 
yield) to the measured a + p yieldo Over the whole range of comparison, 
the agreement with the earlier data is excellent, suggesting that no 
significant systematic errors were operating; in particular, the 
variation of the y-ray yield with excitation energy was small.
The total reaction cross-section is shown in Fig. 2.3. The 
errors are 5% due mainly to the uncertainty in the contribution of the 
neutron yield. The reaction cross-section depends essentially on the 
Coulomb barrier which causes the variation in the cross-section of five 
orders of magnitude. However, the total reaction cross-section departs 
significantly from the shape of the Coulomb barrier, which corresponds to 
equation (2.22) with S(E) constant. This departure is brought out using 
equation (2.22). The penetration factors were obtained from the 
subroutine HACOOL [Ha 66]. All ^-values up to 10 were included in the 
summation. This accounts for all significant contributions to the sum, 
see Fig. 2.4. The resulting graph of S(E) is shown in Fig. 2.5. The 
absolute error of the S-factor may be 10% due to the uncertainty in 
target thickness.
The structure of the p, a and p + a S-factors is observed. 
However, the resolution is substantially improved — about 15 keV for most 
energies.
The 6.10-6.75 MeV data are plotted in Fig. 2.6. A new 
resonance is observed at 6.30 MeV.
Table 2.1 lists the locations of the resonances and compares 
structure with that obtained in the a and p reaction cross-section, and 
measurements of the y-ray yield at higher energies [Ku 64],
In all, eleven resonances have been observed in the 160+ 12C 
reaction. The structure at 6.1, 6.5, 7.1, 7.4 and 8.3 MeV is correlated 
with either the a or the p exit channels, or both [Pa 71]. The other
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Figure 2.3: The total reaction cross-section for 12C + 160 as determined
from the y-ray yield. Below 5.8 MeV, a target of surface density 
40 yg/cm2 was used. Between 5.8 and 8.54 MeV, the target thickness 
was 5-10 yg/cm2. Above that energy, the target thickness was 
30 yg/cm2. The energy steps are 45 keV below 8.54 MeV, and 90 keV 
above 8.54 MeV. The relative cross-section obtained from the 
experiment was normalised to the total reaction cross-section; the 
latter was determined by incrementing by 15% (for the neutron yield), 
the cross-section for a and proton decay measured by Patterson et at. 
[Pa 71].
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Table 2.1: Resonances observed in S-factors derived
from the integrated y-ray yield of 160+ 12C.
Energy
(MeV) y-ray Particles
6 o 10 Broad shoulder Weak shoulder
6.30 Small peak in 6.10 to 
6.75 MeV data —
6.45 - 6„60 Strong Observed
6.90 Broad shoulder Broad shoulder observed 
in p, not in a
7.15 Strong Observed
7„ 35 Weak shoulder Observed in a, not p
7.65 Strong —
7.95 Weak —
8.35 Strong Observed
9.2 - 9„5 Broad resonance (also 
seen in [Ku 64])
Out of range
10.15 Weak resonance (also 
seen in [Ku 64])
Out of range
structure was either too weak to have been observed by [Pa 71] or out of 
the energy range. The structure at 6.9, 7.7, 9.2 and 10.15 MeV all have 
widths greater than or equal to 200 keV. The correlation width [Er 60], 
measured at higher energies, 118 keV [Ha 67a, Ha 67b], forms an upper 
limit for the expected width at lower energies. Hence it is unlikely 
that all of the latter group of resonances are statistical fluctuations,,
As was mentioned in §2.1, two mechanisms have been proposed to 
account for this structure, the "quasi-molecular" model and the a-cluster 
model. The qualitative fit of [Na 72] to these data suggests a "quasi- 
molecular" interpretation. The interpretation of these data is 
considered with the elastic scattering data in §2.6.
PART B
THE 12C + 160 ELASTIC SCATTERING EXPERIMENT
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In the previous section, the total reaction cross-section of 
12C + 160 was shown to have a number of resonances, many of which could 
not be attributed to statistical fluctuations. These resonances should 
also occur in the elastic scattering of the 12C+ 160 system. In the 
elastic scattering of 12C + 160, the channel spin is zero, so J, the total 
angular momentum, is equal to £, the orbital angular momentum. The 
differential cross-section can be expanded in terms of (^-dependent) 
Legendre polynomials (equation 2.11)
o(0) f (Ö) c ' 2k
2io, 2i6
{21 + 1) e 1 - e P. (cose) I2 (2.25)
all quantities are the same as in §2.1. If a resonance in the 
differential cross-section is absent at an angle at which a Legendre 
polynomial is zero, the £-value of the Legendre polynomial is the J-value 
of the resonance. Detectors were set at angles which detected elastic 
scattering corresponding to zeros of ^-values 2, 4 and5. Another 
detector was set at an angle which detected elastic scattering 
corresponding to zeros of Legendre polynomials of all odd ^-values.
The ratio of the differential elastic scattering cross-section 
to the Rutherford cross-section was measured at the above angles 
corresponding to zeros of Legendre polynomials in an attempt to determine 
the spins of the resonances observed in the total reaction cross-section. 
In addition, the data were fitted with optical potentials and compared 
with the potential used to fit the reaction cross-section [Na 72],
§2.4 PROCEDURE
A beam of 160 ions was obtained from the EN tandem van der 
Graaff accelerator. The beam was magnetically analysed, and passed 
through an image slit whose setting was 0.125 cm/0o125 cm. The resultant 
resolution of the beam was less than 40 keV [Op 74]. The range of 
laboratory energies used in the experiment was 11.5-23.5 MeV, 
corresponding approximately to 4.5-10 MeV (centre of mass). The beam 
then passed through a switching magnet into line 3, and was focused by a 
set of magnetic quadrupoles through a series of tantalum collimators and
26
anti-scatter baffles of diameter 0.15, 0.23, 0.15, 0.23 cm. The distance 
between collimators and anti-scatter baffles was 10 cm. The target was a 
natural carbon foil 5-10 yg/cm2 thick. The foil was perpendicular to 
the beam. The beam was collected in a Faraday cup about 2 metres from 
the target. Beam currents in the Faraday cup of up to 1 yA were obtained.
In this experiment, the projectile is heavier than the target; 
therefore, at forward angles, two elastically scattered 160 groups are 
observed, corresponding to elastic scattering at two different centre of 
mass angles [Gr 65]. In addition, 12C elastically scattered recoils are 
observed, corresponding to elastic scattering of the 160 ion at a third 
centre of mass angle. The centre of mass scattering angle associated 
with each of these groups for each counter is listed in Table 2.2, 
together with the order (£-value) of the Legendre polynomial for which 
this angle is a zero, if any.
Table 2.2: C.M. angles corresponding to elastic scattering
of 160 for each group observed at 45° and 47.15°. The 
zeros of the corresponding Legendre polynomials are 
also indicated. The c.m. angle errors include slit widths.
1st 160 2nd 160 12C Recoil
45.00 ± 0.05° 154.5 ± 0.2° 115.6 ± 0.7° 90.0 ± 0.4°
£ = 5 (154.0°) £ = 1,3,5 ... (90.0°)
47.15 ± 0.05° 149.4 ± 0.3° 124.9 ± 0.9° 85.7 ± 0.4°
£ = 4 (149.4°) £ = 2 (125.3°)
Four silicon surface barrier detectors were used in the 
experiment, each being 18.2 cm from the target. An anti-scatter slit 
5 mm (vertical) x 2 mm (horizontal), was placed approximately 4 cm in 
front, a 5 x 1 mm defining slit was placed immediately in front of each 
detector. The detectors were positioned at 45.0°, 47.15°, 60° and 60° in 
the laboratory frame. The latter two detectors were monitors. The angle 
subtended by each defining slit was 0.3°. The error in the positioning 
of the two forward angles was ± 0.05°, and for the rear angles, ± 0.25°. 
The latter accuracy was that determined by the setting up of the counters 
on the angular scale in the target chamber, the former accuracy was 
obtained by the following method. The most backward laboratory angle at
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which 160 is scattered by 12C is 48.45°0 Then, at a laboratory angle of 
48.60° (allowing for 0.15° angular width of the defining slit), the yield 
of elastically scattered 160 particles will disappear. The two forward 
counters were rotated in turn until the 160 groups disappeared, and this 
angle was taken to be 48.60°. Using this reference point, the counters 
were set at 45.00° and 47.15°.
The two counters at 60° (lab) detected 12C recoils associated 
with 160 ions elastically scattered at 60° (c.m.).
The pressure in the chamber was always less than 2 x 10"5 mm Hg.
Standard electronics were used to record simultaneously spectra 
from each counter in 1024 channels in the IBM 1800 data acquisition 
computer. The data were stored on disk and later transferred to tape on 
an IBM 360 Model 50 for analysis» A Univac 1108 was used also for some 
of the analysis.
Data were collected in 43 keV steps between 4.5 and 10.07 MeV. 
At each step data were collected for 100 yC of beam charge. As the 
energy varied, it was necessary to make occasional adjustments to the 
gains of the shaping amplifiers. Targets were changed so as to prevent 
the carbon build-up on the target becoming extremely large»
§2.5 THE 12C + 160 ELASTIC SCATTERING RESULTS
A typical spectrum is shown in Fig. 2.7. The heavy ion peaks 
are broad and asymmetric (see Fig. 2.8). The peak shape is caused partly 
by degradation of the beam before it reaches the target, and partly by 
degradation of the scattered beam due to energy losses in the target, and 
scattering off the defining slits of the detector. It was desirable, if 
possible, to determine the yields of the peaks in such a way as to 
exclude contributions from beam degraded before it reached the target. 
Also, the low-energy tails of the peaks are very long, and the limits 
chosen for the integration of the peak are necessarily arbitrary» For 
both these reasons, it was desirable to determine if some simple analytic 
function could represent the peak shape. No simple analytic shape was 
found which could adequately represent the 12C peaks, the best fits were 
obtained with "split-Gaussian"
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A exp 
A exp
(x - x0)2\ 
2o i J 
(x - x 0)2\
2a2 J
x < xo
X > X 0
(2.26)
An example of a "split-Gaussian" fit is given in Fig. 2.8. The 
fit is inadequate and the approach was abandoned in favour of the 
following method.
An exponential background was subtracted from the spectra of 
the detectors at 47.15° (see Fig. 2.9) and 45°. In addition, a parabolic 
background was fitted to the proton group in the 47.15° spectra (see 
Fig. 2.9). The spectra at 47.15° and 45° were calibrated using the 
positions of the proton and 12C recoil groups —  their energies were 
determined from kinematics. The location of the two 160 groups was 
determined by fitting a parabola in the region of the maximum channel.
The energy Epea^> of each 150 peak was determined using the 
above calibration. The energies were significantly less than the 
energies expected from kinematics due to energy losses in the target. 
The yields of the 160 groups were determined by summing between the 
channels corresponding to the energies k< E ^ ^  and k> E ^ ^  (see 
Fig. 2.9), where the values of k<, k> for a particular c.m. angle were 
constant for all energies (see Table 2.3).
Table 2.3: Values of k<, k>.
C.M. Angle k< k>
115.5° 0.75 1.15
124.9° 0.70 1.20
149.4° 0.60 1.40
154.5° 0.60 1.40
The values of k , k> were determined as those values which 
would just straddle the oxygen groups in the spectra taken at the lowest 
energy. These limits straddle the peaks at all higher energies, despite 
the increase in width of some of the oxygen groups at higher energies
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due to increased energy loss in the target caused by the increased 
probability of being more highly ionised.
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In the case of the oxygen group at 149.4°, the parabolic fit 
was used only over the narrowest range possible about the proton group. 
The range was chosen by eye.
The yield of 12C recoil groups, corresponding to 85.7°, 90° and 
60° c0m., was calculated by integrating the spectrum above a certain 
point defined by the positions of the proton and 12C recoil groups.
At each energy, the ratio of the yields of the groups to the 
mean of the monitor counters was calculated, and multiplied by the ratio 
of the G-factors, thus obtaining an estimate of the ratio of the elastic 
scattering differential cross-section to the Rutherford cross-section.
At low energies, where the elastic scattering is pure Rutherford, the 
estimates of the ratio deviated from the expected ratio by up to 10%.
The estimates were normalised to the pure Rutherford value before any 
fitting of the data was attempted.
The fitting of the data is described in the next section.
The ratios of the elastic scattering to Rutherford are plotted 
in Figs. 2.10 and 2.11.
The data have the general form of a damped Fresnel diffraction 
pattern. At low energies, the data are flat, but above a certain energy, 
the data fall away according to equation (2.15). Using the quarter-point 
formula, equation (2.13), the Coulomb barrier height is found to be 
approximately 9 MeV.
The Coulomb scattering amplitude is too strong to identify the 
spins of any of the main resonances observed in the reaction cross- 
section0
§2.6 ANALYSIS AND DISCUSSION
The elastic scattering data were fitted with an optical 
potential. The differential cross-section for elastic scattering o(0) 
was calculated as follows:
o(6) = I f (6) j2 , (2.27)
where f(0) = fCoulomb (8) + fnuclear(S) • fCoulomb(0) and f nuclear^5 are 
given in §2.1.1.
Figure 2.10(a) to (f): The fit (solid line) to the ratio of the elastic
scattering differential cross-section at the indicated angle and the 
elastic scattering differential cross-section at 60° (dots). The 
potential parameters indicated in Fig0 2„10(a) are those of Nagorcka 
and Newton [Na 72]. The small imaginary constant C, of their model 
is included for consistency in the present calculation, but has no 
effect on the cross-section above 6 MeV [see Na 72].
33
0.30
0.20  _
V=8.l MeV W = 1.8MeV 
-  rv= 1.37 fm rw= 1.35 fm
_ V 0 -6 fm aw=0.5 fm
C=-0. 0008M eV
oo 0 .10
o . o o
C.M.ENERGY (MeV)
Figure 2.10(a)
C.M.ENERGY (MeV)
Figure 2U10(b)
er
 (1
24
.9
°)
/c
r(6
0o
) 
er
 (1
15
.6
°)
/c
r (
60
°)
34
0.12
0.08
0.04
0
0.12
0.08
0.04
0
C. M.ENERGY (MeV)
Figure 2.10(c)
C.M.ENERGY (MeV)
Figure 2.10(d)
er
 (1
54
.5
°)
/o
'(6
0°
) 
<
y
( l
49
.4
°)
/c
r(
60
°)
35
C.M.ENERGY (MeV)
Figure 2.10(e)
0.08
c ••• ••
C.M.ENERGY (MeV)
Figure 2.10(f)
Figure 2.11(a) to (f): The best fit (solid line) to the ratio of the
elastic scattering differential cross-section at the indicated angle 
and the elastic scattering differential cross-section at 60° (dots). 
The potential parameters, indicated in Fig. 2.11(a), were obtained 
as described in the text.
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6^, the nuclear phase shift, is obtained by the following method. At 
distances well beyond the sum of the nuclear radii, the wave function may 
be approximated by the "unperturbed channel" wave functions, I - UO^, 
where 1^ is an incoming wave function, 0^ is an outgoing wave function, 
and U is the collision matrix. The subscript "£" refers to the orbital 
angular momentum of the channel. The wave function ^ may also be 
obtained by integrating from the origin the solution, u^(r), of the 
radical wave equation. u (r) related to the total wave function 
iKr,e,40 by
iKr,e,<j>)
upr)
r Y™(e,40 , (2.28)
where r is the separation of the two nuclei. The integration is extended 
to the region where the wave function is approximately equal to the 
unperturbed wave functions. At two such radii (the "matching" radii), 
the two wave functions are constrained to join smoothly, thus determining 
the nuclear phase shift, 6 .
The incoming and outgoing wave functions I , 0^ were obtained 
using the subroutine HACOOL [Ha 66]. The integration of the radial wave 
equation was performed using a well-known iteration technique [Fo 49] for 
second order differential equations of the form
u" = fu ,
namely
1 h 2 rr I
1 ' 12 flJ U* 2 + I  h2 f„ u0 - 1 h2 f 1 - 12 f-l
(2 0 29) 
U- i , (2.30)
where
h is the integration step,
f-l, fq , fi are three consecutive values of the function f,
where
u is determined to sixth order by equation (2.30), given 
two previous solutions u q , u-i evaluated at fg, f-i 
respectively.
The radial wave equation is 
d2u
dp 2 1 - vc - £(£+ 1) V(r) 0 , (2.31)
p and £ have been defined in §201,
E is the energy in the centre of mass system,
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Vc is the Coulomb potential, given by
r2_n R > R
P C
n (3 -  f R]21 
p R c  r lRcJ / R < R C
(2.32)
where n has been defined in §2.1. V(r), the nuclear potential, is
assumed to have the Saxon-Woods form.
V (r)
f(r;rv ,ay)
- V f(r;rv ,ay) - i
df(r,r^,a^)
dr
1/3 ,1/3^-
1 + exp
r - r  r A ^  + A ^ ) ) ' 1
(2.33)
(2.34)
and f(r;r^,,a^) is similarly defined. In equation (2.33), V, W are the 
real and imaginary well depths, ry , r^ are the radius parameters of the 
real and imaginary wells, ay , a^ are the surface diffuseness parameters 
of the real and imaginary wells. Aj and A2 are the mass numbers of the 
two nuclei.
The integration of the internal wave function was begun at a 
radius of 0.75 fm and continued intervals in steps of 0.75 fm to 11.25 fm, 
where the phase shift was calculated using the values of the wave 
function at the matching radii 10.50 fm and 11.25 fm. For the potential 
in Fig. 2.10 (see below), the phase shift calculated by these parameters 
differs by 0.3% from the phase shift calculated using an integration step 
of 0.1 fm and matching radii of 24 and 25 fm.
The Coulomb radius, Rc , was taken to be 
1.4 ( A ^ 3 + A^/3) = 6o73 fm, [Pa 71]). In calculating the differential 
cross-section, all £-values up to and including 8 were used. This range 
of £ was found to contribute more than 99% of the cross-section obtained 
by including all £-values up to 20.
The ratio o(0)/a(60°) calculated by the program were compared 
with experiment, and the function
X £ o(9)(öWTJ i,calculated
o(9) } YT^Ji.exp/ (2.35)
was minimised using the search code FITTEM [Ha 69] which varied some or 
all of the potential parameters simultaneously. Using the potential
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parameters of [Na 72] as starting values, the value of X was reduced by a 
factor of seven by allowing only V and W to vary. The best fit was 
obtained with real well depth of 6.912 MeV and an imaginary well depth of 
20.816 MeV. By allowing all seven parameters to vary simultaneously, the 
value of X was lowered further by one-third. The fit with the latter 
potential is shown in Fig. 2.11 and the fit using the potential of 
[Na 72] in Fig. 2.10.
It was emphasised by Nagorcka and Newton [Na 72] that the 
potential used was not intended to be a quantitative fit, but rather to 
indicate that the resonances in the elastic scattering and total reaction 
cross-section would be quantitatively reproduced by a single particle 
potential. In particular, the phase shifts associated with the potential 
passed through zero (indicating a maximum in the reaction cross-section) 
at energies corresponding to resonances in the reaction cross-section.,
The principal difference between the potentials is that, in the 
best-fit potential, Fig. 2.11, the absorbing potential is much stronger 
than in [Na 72]0 The effect of the stronger absorption is to broaden any 
structure which might occur with a smaller absorption to such an extent 
that it is washed out. Instead, the gross structure of the curves is 
reproduced. This gross structure consists of pure Coulomb scattering up 
to a critical energy, beyond which the ratio a(0)/o(6O°) decreases 
because of the Fresnel diffraction.
The other parameters of the two potentials are not 
qualitatively different. The nuclear potential is shallower, but the 
overall shape of the real potential remains. That is, the real potential 
is dominated beyond 8 fm by the Coulomb potential, and below 4 fm by the 
centrifugal barrier, with a well between these radii caused by the sharp 
variation of the optical potential near the nuclear surface.
Similar potentials were obtained when the function being 
minimised was varied to more closely approximate the function x 2 > a s  
follows,
N - NPAR i=l
ff 0 (0) 1 f o ( e )  1
1 nV
( [a (600) J i ,exp ka ( 6 0 u)J i, thTaCen
l^WTj
(2„36)
exp
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The search code was given starting potentials quite different 
from those of [Na 72], such as an optical potential applicable for 
protons, to see if a lower minimum for X could be formed. In particular, 
real wells of depths 50 - 100 MeV were used. Two local minima of X were 
found, at 67 and 85 MeV. The fits were acceptable at the more forward 
angles, where the Coulomb scattering dominates, but quite poor at 
backward angles.
§20 7 DISCUSSION: INTERMEDIATE STRUCTURE
Once the imaginary potential is deep enough to ensure rapid 
absorption of the incoming wave, the quality of the fit is relatively 
insensitive to the depth of the potential. An example of this is the fit 
obtained with two free parameters only, V and W, the rest being the same 
as in [Na 72], The optimal values of V and W were 6.912 MeV and 20.816 
MeV respectively. The value of X is only 50% higher than that of the 
best fit, which was obtained with seven free parameters,,
It seems, then, that in order to fit the gross structure of the 
elastic scattering ratios, it is necessary to introduce a strongly 
absorbing potential. The strength of this potential precludes any 
possibility of fitting the resonances in the elastic scattering ratios, 
and, presumably, in the reaction cross-section. It must be, then, that 
some other scattering mechanism is causing the resonances. One such 
mechanism is the a-cluster model which has been proposed for 12C + 12C 
[Mi 72]. Such a model should be able to account more readily for the 
observed close spacings of the levels [Mi 72]; however, no calculations 
using such a model have been published.
Intermediate structure has been observed in the reaction cross- 
section of 12C + 12C [Pa 69, Ma 73] at 4 - 6 MeV, in 12C + 160 [Pa 71] and 
present work, between 6 and 8.5 MeV and in 160+ 160 [Sp 71] between 8 and 
10 MeV.
One of the difficulties in determining the mechanism causing 
any intermediate structure in these heavy-ion systems lies in finding an 
experiment which will differentiate in a clear-cut way between the 
various mechanisms. If the structure in the S-factors observed on the 
main peak at 6.55 MeV could be shown to be correlated with other reaction 
channels, this would be strong evidence against the interpretation of the
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structure in terms of an optical potential; it would be difficult to 
obtain a realistic optical potential with a sufficiently high density of 
states» The observation of intermediate structure in systems such as 
14N + 14N or 14N + 180 would be difficult to account for in terms of the 
a-cluster model. The double resonance mechanism of Imanishi [Im 69], 
which includes the coupling of the elastic channel to an inelastic 
channel, the 4»43 MeV state of 12C, cannot be solely responsible for the 
intermediate structure, as it is observed in 160+ 160, although here the 
structure is weaker than in 12C + 160 or 12C + 12C. More work, both 
experimental and theoretical, is required in order to understand the 
heavy-ion interaction at low energies» Experimentally, the S-factors for 
other heavy-ion systems, both a-type, such as 12C + 20Ne, 16O + 20Ne,
20Ne + 20Ne and otherwise 14N + 14N, 14N + 180, etc., are needed. 
Theoretically, quantitative predictions of the a-cluster model, and also 
coupled channel calculations, are required for many heavy-ion systems.
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CHAPTER 3
INTERMEDIATE STRUCTURE IN EXCITED STATES IN 236U 
§3.1 INTRODUCTION
The potential energy surface of a nucleus is a function of any 
complete set of nuclear deformation parameters» The fission barrier is 
that section of the potential energy surface which requires least energy 
for separation of the fragments. It follows that maxima of the fission 
barrier are saddle points on the potential energy surface. The path 
through deformation space traced out by the fission barrier is called 
"the path to fission", and motion along this path is in "the fission 
degree of freedom".
According to the liquid-drop model of fission [Bo 39], fission 
proceeds over a single-humped potential barrier. The shape of the 
fission barrier, and of the whole potential energy surface, is determined 
solely by the Coulomb and surface tension forces within the nucleus. The 
barrier may be approximated by a one-dimensional inverted harmonic 
oscillator [Hi 53]. The quantum-mechanical penetrability of this barrier, 
P(E), is
P (E) = {1 + exp[-27T(E - EB)/tio>] 1 , (3.1)
where
E is the excitation energy of the nucleus in the fission degree of 
freedom,
Eß is the potential energy at the saddle point,
fto) is the curvature of the barrier in the region of the saddle 
point.
Equation (3.1) predicts that the penetrability of the fission 
barrier is a monotonically increasing function of E.
The liquid drop model satisfactorily accounts for the gross 
details of fission, such as the total energy released in fission, and the
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variation in fission barriers between light (about mass 40) and heavy 
nuclei [Wi 64].
Recently, there have been a number of observations (discussed 
in §3.1.4) which cannot be accounted for by the liquid drop model, and 
which have led to the recognition of the importance of shell effects in 
determining the detailed shape of the fission barrier.
§3o1.1 The Strutinsky Shell Correction [St 67]
As noted above, the liquid drop model accounts for the gross 
details of the fission process, but fails to account for finer details of 
the fission barrier. On the other hand, independent-particle model 
calculations of the fission barrier, using, for example, the deformed 
shell model [Ni 69], account for fine details of the potential energy 
surface, such as the quadrupole moment and deformation of the ground 
state. However, these calculations fail to predict the occurrence of a 
fission barrier: at large deformations the potential energy increases
indefinitely„ Superimposed on the increase are the local fluctuations 
(i.e. "fine details") which give rise to the finite deformation of the 
ground state.
Strutinsky’s "shell correction" method synthesises the best 
aspects of the two models. The fluctuations about their averages of the 
neutron and proton potentials derived from an independent particle model, 
are added to the liquid drop model potential at the same deformation. In 
order to calculate the fluctuations of the independent particle model, it 
is necessary to obtain the average of the neutron and proton potentials. 
Prescriptions for doing this are given in references [St 67], [Ni 69],
[Ni 72], see also [Br 73]. The final shell correction is the sum of the 
shell corrections for the protons and neutrons and may be of either sign 
and range up to 10 MeV in magnitude.
A "pairing energy correction", similar in rationale to that of 
the shell correction is usually added to the potential energy surface 
[St 67, Ni 69, Ni 72]. The magnitude of this term is typically 1 to 2 
MeV. Henceforth, "shell correction" is to be understood to include also 
the pairing energy correction.
For nuclei with neutron numbers 144 - 150, at deformations where 
the dimension of the nucleus along the symmetry axis is approximately
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twice that along the transverse axis, the shell correction shows a dip of 
2-3 MeV. The occurrence of this dip appears to be independent of the 
form of the independent-particle model used to obtain the shell 
correction, although the position and depth of the dip varies from model 
to model [Br 72]. The dip corresponds to a thinning-out of the level 
density near the Fermi surface, or a "shell", in the generalised sense of 
Strutinsky and Pauli [St 69].
When the shell correction is added to the fission barrier 
obtained from the liquid-drop model, it is found that the dip occurs near 
the saddle point of the liquid-drop model barrier. The result is a 
double-humped fission barrier, which is predicted to occur throughout 
most of the actinide region [Bj 69].
§3.1.2 Extrapolations Using the Shell Correction Method
The shell correction method has been extrapolated to nuclei 
with mass numbers of about 300. On the basis of the independent-particle 
models, this region is expected to be doubly magic. It is precisely in 
doubly magic nuclei, and nearby, that the shell correction is most 
negative. According to the liquid-drop model, these nuclei are unbound 
with respect to fission even at zero deformation. However, it is found 
that, with the addition of the negative shell correction, a potential 
well is predicted to occur. Extensive calculations of the stability of 
these "superheavy" nuclei have been performed [Ni 69, Fi 72a]. Attempts 
to observe superheavy nuclei in nature and manufacture them in the 
laboratory have failed thus far [Be 74]. However, the production of gold 
isotopes in the bombardment of 238U by 136Xe [Og 73] suggests the 
production of a compound nucleus in the mass region 370. The most likely 
means of producing superheavy nuclei appears to be heavy-ion fusion. 
However, much is to be learned about the dynamics of fusion before a 
thorough search can be undertaken [Sw 72].
The shell correction method has also been used to investigate 
the possible existence of torus-shaped and bubble nuclei [Wo 73, Br 73c].
§3.1.3 Formal Reaction Theory with the 
Double-Himiped Fission Barrier
In the formal theory [La 58], the total wave function at the 
channel surface may be expanded in terms of the product over channels of
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the radial part of the wave function of relative motion uc(ac)> and the 
channel wave function 4> . In Lynn's theory, these wave functions are 
replaced by (f$v) and (x /f) where 4^ is a vibrational wave function in 
the fission degree of freedom and is an "intrinsic" state not 
associated with the fission degree of freedom, f is a distance parameter 
[see Ly 73]. If the channel radius is chosen to correspond to the 
deformation of the second saddle point, the x^ are the intrinsic states 
defined by Bohr [Bo 55].
With these changes, the full R-matrix theory may be invoked, 
i.e. the reduced width amplitudes and derivatives, the R-matrix, the 
boundary conditions, the shift and penetration factors, may all be 
defined in a fashion analogous to [La 58], [see Ly 73]. This permits the 
expression of the collision matrix, and ultimately the cross-section, in 
terms of the formal R-matrix parameters.
The double-humped fission barrier has its principal effect in 
that it produces two sets of compound nucleus states X,. The states are
A
classified as class I or class II depending on whether their vibrational 
component in the fission degree of freedom 0^, has the bulk of its 
amplitude in the first or second well.
§3.1.4 Evidence for the Second Well
The existence of the second well in the fission barrier is now 
firmly established. Its effects have been detected in thirty-eight 
nuclei in the actinide region.
(i) Spontaneously fissioning isomers. Thirty-two nuclei between
234 24492U 142 anc* ^ 9 7 ^ 4 7  are known to possess excited states which fission 
with half-lives varying from nanoseconds to milliseconds. The excitation 
energy of the isomers varies from 2 to 3 MeV. These isomers are the 
ground states of the second well [St 67].
(ii) Delayed y-decay0 A preliminary report [He 73] suggests the 
identification of a y-decay from the ground state of the second well to a 
lower class I state.
(iii) Rotational band built on the fission isomeric state. 
Conversion electrons have been detected in coincidence with the delayed 
fission of 240Pu [Sp 72], These conversion electrons were emitted as the
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nucleus cascaded down the levels of the rotational band of the fission 
isomer. The rotational spacing parameter indicated that the nucleus was 
at approximately twice the deformation of the ground state of 240Pu.
This effect has also been reported for 236U [He 73],
(iv) Vibrational states of the second well. A pure vibrational 
resonance, and its associated rotational band have been detected in the 
230Th(n,f) reaction [Ly 71, Ly 71b]. •
(v) Intermediate structure in slow-neutron induced fission. The 
slow-neutron induced fission width of 240Pu [Mi 68] and 237Np [fu 68] 
indicates groupings of fission widths. This structure is interpreted as 
being due to the mixing of the fission width of the class II states, 
which have comparatively large fission widths, into the nearby class I 
states.
(vi) Direct-reaction induced fission. As this topic is directly 
related to the experiment described in part A, we review it in somewhat 
more detail in §3.1.5.
§3.1.5 Structure in Direct-Reaction
Induced Fission Cross-Sections
Resonances in the (d,pf), (t,pf) and (p,p'f) cross-sections 
have been observed for several nuclei in the actinide region [Pe 69,
Br 68, Br 69 and Ba 72]. These resonances occur typically at above 
2.5 MeV excitation energy with respect to the second well, i.e. as much 
as 2 MeV below the fission barrier. The resonances are normally 
separated by at least several hundred keV. There is evidence in the 
above references of further structure in the cross-section closer to the 
top of the barrier.
The strength of the resonance in the fission cross-section of 
240Pu at 5.0 MeV (above the true, class I, ground state) has been shown 
to depend on the direct reaction used to populate it [Br 69], i.e0 (d,p) 
or (p,p'). A similar result has been obtained for the population of 
spontaneously fissioning isomers [Re 70].
With proton resolutions of 70 keV or more, the resonances 
appear to be smooth. However, the resonances are almost certainly not 
pure vibrational resonances. The strongest resonance yet observed in
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direct-reaction induced fission, namely 239Pu(d,pf) at 5.0 MeV excitation, 
has been shown to consist of not less than eight partially overlapping 
sub-structures of width less than 17 keV and average spacing about 50 keV 
[Sp 69]. All but one of the sub-structures appeared to have spin 2.
The interpretation of these resonances is that they are damped 
vibrational resonances. In time-independent language, the fission width 
of the vibrational state is "mixed into" (or "spread over") a number of 
class II compound states. This results in the direct-reaction induced 
fission cross-section being of the form of a broad resonance on which is 
superimposed a number of narrow sub-structures [Ly 71b]. This is 
precisely the form of the structure observed by Specht [Sp 69] at 5.0 MeV 
in 239Pu(d,pf). In the other earlier experiments, the resolution was 
insufficient to resolve any sub-structures. In these cases, an isolated 
resonance is observed, the width of which may be related to the damping 
of the vibrational resonance in the second well.
As mentioned earlier, the spacing of vibrational levels of the 
second well is usually less than 1 MeV. For reactions whose cross- 
sections have been measured as far as 2 MeV below the neutron binding 
energy, at least two vibrational levels should be observed. (Above the 
neutron binding energy, the competition from neutron decay complicates 
the interpretation of the cross-section.) The lower of the vibrational 
states will be much less damped than the higher. The damping may be so 
great that the vibrational state is completely mixed into the class II 
compound states, in which case no resonance is observed [Ba 71]„
§3.1.6 Transition States [Ly 68, p.358 et seq]
"Transition states" is the name given by Bohr [Bo 55] to the 
low-lying intrinsic states at the top of the fission barrier. At the 
time, it was thought that the fission barrier was singly humped. For 
fission proceeding via the second well, the term "transition state" is to 
be understood as applying to the low-lying intrinsic states above the 
outer barrier [Ly 71b], The channel radius is chosen at the deformation 
of the peak of the outer barrier.
The transition states may be observed in direct-reaction 
induced fission [Br 68, Ba 71], For even-even nuclei, at transition 
states below the pairing gap, (typically 1.5 MeV), the transition states
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all consist of rotational bands built on a number of modes of collective 
deformation. These states are analogous to the low energy collective 
excitations of the nucleus at the ground state deformation. The main 
difference between the spectrum above the ground state and the spectrum 
above the second saddle point is that the moment of inertia at the saddle 
point is much greater, so that, for example, the spacing of rotational 
levels is much smaller [Sp 72, Ly 71, Ly 71b]0
The transition states, and their approximate expected energy, 
are listed below. The transition states are characterised by their 
angular momentum J, projection on the symmetry axis K, and parity t t .
The rotational level associated with each transition state is also listed.
Table 3.1: Low-lying transition states of even-even nuclei
(adapted from [Ly 68]).
Energy K77 j* Rotationalband Name
0 0+ 0+ 2+ +4 6+ "ground" transition 
state
0.5 0" 1“ 3" 5" 7" "mass asymmetry" or 
"sloshing" mode
0.7 2+ 2+ 3+ +4 5+ y-vibration
0.9 r 1“ 2“ 3" 4~ "bending" mode
The collective deformations are all based on quadrupole and 
octupole deformations. It is well-known that quadrupole deformations may 
be expressed in terms of 3- and y-vibrations [Pr 62]. The 3-vibrations 
are included in the fission degree of freedom and correspond to the
7T +"ground" transition state, with J =0 , K = 0.
The y-vibration is a deformation about the axis of symmetry, 
and has /  = 2 + , K = 2.
There are also two types of octupole deformation that may occur 
in the transition state spectrum. From the terms in the spherical
TT -harmonic expansion of the nuclear shape comes the J =1 , K = 0 mass 
asymmetry or "sloshing" mode, in which material is transferred from one
TT —end of the nucleus to the other. The "bending" deformation, with J = 1 ,
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K = 1 is associated with the Y~ terms in the spherical harmonic 
expansion.
Each of the above deformation modes consists of one vibrational 
phonon„ A considerable number of multi-phonon modes also occur within 
the pairing gap, but at a higher energy than those listed above. Further 
details are given by Lynn [Ly 68].
§3.1.7 Reaction Theory for the (d,pf) Reaction
where
The cross-section for o ^ (at b) may be written [La 58]
o , -  I s r 1"* a. J 2 ,ab 1 ^  A (a) Ay y (b) 1
1 — 2P Y2A (c) c yA(c)
(3.2)
(3.3)
is the partial width of the level A in the channel c. For processes of 
the form
A + a +  B + b ;  B C + c . (3.4)
Barker [Ba 67a] has suggested that the cross-section a , may bea, Dc
expressed as
oa,be
OC I 2 G 
Ay A (ab)
(3.5)
in analogy with equation (3.2).
GA(ab) a feedinS factor. A method of calculating 
for the direct reaction (a,b), has been given [Tr 72]. Equation (3.5) 
has been applied to the 239U(d,pf) results of Specht et al. [Sp 69], 
assuming a single decaying channel-fission.
We now consider the extension of equation (3.5) to the two- 
channel case, where fission and y-decay are allowed«,
The (d,pf) cross-section is
ad,pf
oc 2 G 
Ay A ld,p)
(3.6)
and the (d,py) cross-section is
d,py SAy
h
G, f j A,A (d,p) Ay u (y) (3.7)
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and the total (d,p) cross-section is the sum of equations (3.6) and (3.7). 
The physical content of the theory enters the problem when we are able to 
make qualitative statements about the feeding factors and fission widths 
of the different classes of levels. We assume that the feeding factors 
of the pure class II states are zero, and that the fission widths of the 
class II states are much broader than those of class I states of similar 
excitation energy. However, the true states of the nucleus are mixed; 
and a distinction may be drawn between two "layers" of mixing.
The first level of mixing occurs where the vibrational states 
(in particular those of class II) are mixed into neighbouring compound 
nucleus states of the same class,, The coupling between the pure 
vibrational state and the neighbouring class II compound nucleus states 
results in the intermediate structure observed by Specht [Sp 69]. The 
reduced fission widths of these levels is of the order of 500 eV (the 
single-particle reduced width for fission, as noted in Chapter 1, is 
about 4 keV). While the penetration factor depends sensitively on the 
channel radius, its value is much less than unity, so that the partial 
fission widths are much less than the spacing of the levels in the second 
well. The partial width for y-decay in the first well is 30 MeV [Ba 71]; 
it is unlikely to be larger in the second well. The levels of the second 
well are thus isolated from each other — they do not overlap.
The aim of the 235U(d,pf) experiment was to search for evidence 
of this mixing in 236U —  the experiment was directly inspired by the 
results of Specht [Sp 69] for 240Pu. The 70 keV resolution data [Pe 69] 
indicate that a well-defined fission resonance occurs at 5.0 MeV 
excitation energy in 236U, the results of Specht suggested that 20 keV 
resolution in the proton spectrum was necessary. The large solid angle 
(13 msr) and high resolution of the Department's double focusing 
spectrometer made it suitable for the experiment.
A secondary aim of the experiment was to measure the yield of 
the (d,pf) reaction over a broad range, to search for structure other 
than at 5„0 MeV excitation energy. With the equipment available in the 
Department, this necessitated the use of somewhat poorer resolution, 
about 55 keV.
In the above, we have, by implication, regarded the (d,p) 
process simply as a means by which the second well of the fission barrier
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may be populated. The (d,p) reaction populates pure class I states whose 
fission width is negligible: if it were not for mixing or interference
or both between pure class I and pure class II levels3 the (d3pf) cross- 
section would be many orders of magnitude smaller. We thus have a second 
layer of mixing —  between class I and class II levels. Both the feeding 
factors and the fission widths will mix. For weak mixing, the feeding 
factors (g) and reduced fission widths (y) will be [Tr 72]
and
(3.8)
(3.9)
(3.10)
YXII
(3.11)
where the subscripts A^. and A d e n o t e  class I and class II states, the 
"o" superscript indicates that the quantity refers to an unmixed level.
h = (AjIhlXjj) = < ^ jj|h|Aj> (3.12)
is the coupling matrix element between the two classes of states, has 
been taken as constant [Tr 72],
On physical grounds, we expect g° and y° to be zero»
II I
Substituting equations (3.8) to (3.11) in equation (3.5) we 
readily obtain
2
d,pf
I
E - E 
AI AII
gAj(d,p) \ jAjj °An (f) (3.13)
where'the summation has been restricted to a single A ^  level, and use 
has been made of equation (3.3). Equation (3.15) is non-zero because the
level matrix elements A are non-zero.
AIAII
A is given by [La 58]
AIAII
'A A + J  Fa A AIAII AIAII
£  A G  A AI AII Vll + 2 Vll2 * (3.14)
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where
and
aiaii ' SY YAj(Y) YAn (Y) ' Sf YXj(f) YAn (f) (3‘15)
AIAII
2 P Y-, c i Y-v , i + 2P„ y, (£) Y, (f) . (3.16)Y A^y) 'Xh (y) £ 'Xj ,AII"
E, - E - 
AI _AAtAt + 2 rATAT I I  I I
(3.17)
and similarly for e,
AII
Sc and P , where c stands for either the fission or y-decay 
channel, are the shift and penetration factors [La 58]0
By virtue of the equations (3.10) and (3.11), AA^Ajj anc*
r will be non-zero, and so will A and the cross-section.
AIAII AIAII
If h is of the same order as the spacing of class I levels,
strong mixing will occur [La 69], and further enhancement of the (d,pf)
cross-section will occur.
As stated above, the (d,p) cross-section below the neutron 
threshold may be expressed as the sum of the cross-section for fission 
and y-decay. The modulation in the (d,pf) cross-section should also 
occur in the (d,p) cross-section, though much less prominent due to the 
more prevalent y-decay in the first well. However, the y-decay of levels 
in the second well will modulate also the (d,py) reaction, whose cross- 
section will be
d,PY AjAJ SAI X lX l Ya1(y)
AIAII
f 2h OO
Ex - Bx.J S a I XjAn  YAn (Y)
(3.18)
where the mixing of the y-decay width of the class II states into the 
class I states has been neglected. So
d,py - ExAi An AIAII Yah <-Y-)
+ V i  V Y)
(3.19)
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The first term in the braces would tend to modulate the (d,py) cross- 
section. It should be noted that, according to equation (3.19), 
modulation of the (d,p) cross-section is possible even without fission. 
Since many of the quantities in equation (3.19) have not been measured, 
it is not possible to determine whether the effects of equation (3.19) 
are too small to be measured.
There may well, of course, be other causes of intermediate 
structure. In 2d5U(d,p), structure of width 30 keV, is observed in the 
gross structure resonance at 2.5 MeV excitation energy. In addition, 
another broad peak at 1.2 MeV is also found to possess structure —
7T —  —attributed to rotational levels based on K = 3 and 4 states populated 
by the addition of an S-wave neutron to the 7/2" ground state of 235U 
[Ma 64, Br 73a].
It seemed desirable, then, to determine if the broad resonance 
in the 235U(d,p) spectrum at 4.8 MeV contains similar structure. For 
this purpose, the broad range of the Buechner magnetic spectrograph 
[Sc 66] is preferable to the narrow range of the double-focusing 
spectrometer, despite the decrease in solid angle.
PART A
2 3 5U(d,pf) EXPERIMENT
§3.2 PROCEDURE
A beam of 11.5 MeV deuterons was obtained from the EN tandem 
van de Graaff accelerator. After magnetic analysis, the beam was passed 
through image slits whose typical setting was 0.125 cm/0.125 cm. After 
passing through a switching magnet, the beam was focused and collimated 
by a 0.15 cm diameter tantalum collimator 1.42 m from the target. A 
0.23 cm diameter tantalum anti-scatter baffle was located 0.33 m from the 
target.
The high energy deuteron beam generates large amounts of 
neutron radiation. The following steps were taken to reduce the neutron 
radiation background of the experiment, and to minimise the biological 
radiation hazard.
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1. The collimator holder used was designed in such a way that no 
brass surfaces were exposed to the beam. (Brass is a prolific source of 
neutrons under deuteron irradiation.).
2. The target chamber — to be described below — was constructed of 
aluminium. Aluminium irradiated by deuterons does not produce any long- 
lived activities below deuteron energies of about 25 MeV.
3. The beam line was extended approximately four metres, through 
the wall of the building, into a "beam dump" which was encased in 
concrete 1.25 m thick. At the maximum energy and beam intensity of the 
A.N.U0 Cyclo-Graaff system (i.e. in which negative ions from a cyclotron 
are injected into the tandem van de Graaff accelerator), the radiation 
dose rate transmitted through the concrete was less than one tolerance 
[Mo 67a].
4. The beam was dumped on a 0.5 mm thick gold disc; gold has a low 
cross-section for the (d,n) reaction [Co 50]. The gold was heated to 
200 °C to outgas deuterium impregnated in the disc; this reduced the 
d(d,n)i reaction.
5. A removable aluminium liner was placed inside the six feet of 
beam line immediately in front of the double focusing spectrometer. This 
prevented contamination of the beam line.
A target chamber was designed for the experiment. The design 
requirements may be enumerated as follows:
1. the neutron background radiation of the experiment was to be 
minimised.
2. the chamber was to permit
(a) coupling to the magnetic double focusing spectrometer
[El 68];
(b) installation of a solid state heavy-ion detector; and
(c) installation of a cooled, high resolution proton detector,
with provision for as many combinations of detector setting as 
possible.
3. there was to be a cold trap in the vicinity of the target to 
reduce vapour pressure. A cross-section of the target chamber is shown 
in Figure 3.1. The target chamber was designed to fit on the existing
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target chamber base of the double focusing spectrometer., This permitted 
the use of the existing target-ladder and vacuum systems, and also a 
vacuum feed-through for a solid state detector.
The above requirements were met as follows:
1. To reduce the background neutron flux the target chamber was 
constructed of aluminium. Also, the internal diameter of the beam line 
extension was 5.25 cm. The beam outlet port was coupled to a standard
5 cm Dependex beam line fitting. The beam inlet port was made identical 
to the beam outlet port. This required a 2.5 cm to 5 cm adapter to be 
placed in front of the chamber.
2. The ports of the target chamber were designed to couple to the 
double-focusing spectrometer via a manifold, or to mount holders for 
either a heavy-ion detector or a cooled proton detector»
The outer flange of the observation ports was coupled to the 
standard 2.5 cm Dependex fitting, except that the flange was truncated at 
the sides. This permitted the inclusion of a fifth observation port in 
the walls of the chamber. As the distance between the flanges was small, 
the ports were shrunk-fitted into the chamber, and it was only after 
application of a vacuum sealing solution that an acceptable vacuum was 
obtained. The vacuum as measured by a gauge between the chamber and the 
diffusion pump, was typically 2xl0-5 torr.
The observation ports were placed at angles of 45°, 60°, 90°, 
120° and 135° to provide a selection of angles such that three detectors 
could simultaneously view the target.
Collimators were placed at the entrance of the observation 
ports, and in the manifold, such that particles scattered from the walls 
of the port or manifold could not enter the double-focusing spectrometer.
Both solid state detector mounts could accept detectors of 
100 mm2 active area. The heavy-ion detector could be placed at any 
distance from 1.6 cm to 5 cm from the target; the heavy-ion detector 
subtended, at most, a solid angle of 0o4 sr»
The proton counter was cooled to about -5 °C by a portable 
refrigeration unit» The refrigerator cooled a 2.5 cm diameter copper 
knob at the rear of the detector. The detector cable was passed through 
the vacuum feed-through in the base.
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3. A cooled copper cylinder and associated vacuum flask was 
incorporated into the lid of the chamber, which was made of perspex to 
allow light into the chamber to aid setting-up (see Fig. 3.2). In order 
to avoid freezing the O-ring between the flask and the perspex lid, the 
flask was made of stainless steel — a good thermal insulator — and the 
outside wall of the flask was thinned in two places.
The cylinder extended down around the target with apertures 
aligned with each port by pins in the flask, lid and chamber. The 
apertures were bevelled to minimise slit-edge scattering into the 
detectors.
The chamber has 180° rotational symmetry about the vertical and 
beam axes. This is a convenience because the double-focusing 
spectrometer thus has access to all ports without having to pass through 
0°, which would require the beam line extension to be dismantled.
§3.2.1 Target and Resolution Considerations
The yield in (d,pf) experiments is very small, requiring data 
to be collected over several days [Sp 69]. Therefore, the target 
thickness should be the maximum possible consistent with the resolution 
desired for the experiment.
The resolution of the double-focusing spectrometer in the 
energy range of interest at full aperture is 15 keV [El 68]. For an 
observation angle of 90°, the straggling will be 15 keV for a target 
400 yg/cm2 thick. If the target is uniformly thick and has been rotated 
30°, the contribution of the energy loss in the target to the resolution 
is eliminated [see Co 59].
Targets of uranyl nitrate were prepared by the electrospraying 
technique [Ro 66]. The purity of the 235U was 93%. A weak solution of 
uranyl nitrate in high-purity ethanol was sprayed through a fine 
capillary onto a 30 yg/cm2 carbon foil which was rotating at 5 rpm. The 
field strength was 10 kV/cm. Despite the fact that 200 yg/cm2 of uranium 
was deposited on the foil, the target thickness by measuring the elastic 
scattering of deuterons at the end of a run was only 10 yg/cm2. It is 
thought that the uranyl nitrate decomposed under beam heating. These 
were the only targets available during the 235U(d,pf) experiment.
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LIQUID NITROGEN CONTAINER
stainless steel
B copper
perspex
CHAMBER
LID
Figure 3.2: Section of the chamber lid, liquid nitrogen container and
cooled copper cylinder. The cylinder surrounded the target — 
bevelled apertures aligned with the ports are not shown.
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Subsequently, targets of 200 ug/cm2 were prepared by using an
ielectron-gun to evaporate uranium oxide. It was shown in tests with 
natural uranium oxide that, to obtain a successful evaporation, it was 
necessary that the uranium oxide be in pellet form. Evaporations using 
powdered uranium oxide were not successful. The 235U02 was purchased in 
pellet form0 The purity of the 235U was 99.68%.
The evaporation was done onto detergent-coated glass plates. 
The foils were floated off the plates in distilled water and mounted on 
target-holders in the usual way. These targets became available only 
during the 235U(d,p) experiment.
The double-focusing spectrometer was positioned at 90° (see 
Fig. 3.1). A 5 cm x l cm position sensitive detector was installed in 
the focal plane. This detector had a "dynamic" range of 1.03:1 which 
corresponded approximately to 300 keV of excitation energy in the 
residual 236U nucleus. The spectrometer subtended an angle of 13 msr.
The fission detector was placed at 45°, with a 1.9 cm (3/4 
inch) diameter tantalum collimator immediately in front of the detector, 
which subtended an angle at the target of 0.4 sr.
A proton detector was placed at 120°, and cooled by a 
refrigeration unit to about -5 °C. The detector subtended an angle of 
10 msr. This detector viewed the target in reflection geometry. The 
resolution of this detector was 45 keV for 11 MeV protons.
The target was rotated 30° from the normal to the beam, in the 
direction which permitted a view of the target by all three detectors.
A schematic diagram of the electronic circuit used in the 
experiment is shown in Fig. 3.3„ The circuit detected coincidences 
between proton and fission events, and stored the corresponding proton 
energy signal.
Crossover timing was used to obtain fast timing signals from 
the heavy-ion and proton detectors, which were used to start and stop, 
respectively, an ORTEC Model 437 time to pulse height converter (TPHC).
A window on the output of the TPHC selected "true" coincidences, which
t Purchased from USAEC.
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then gated the delayed proton energy signal into an analogue-to-digital 
converter for storage in an IBM 1800 computer.
The resolving time of the circuit was 70 nsec, and the signal 
to noise ratio of the "true” coincidences was approximately one to one.
The ungated proton spectrum was also collected to enable 
subtraction of random coincidences.
It was found that, over periods of several hours, gain shifts 
occurred. These shifts tended to appear as discrete "jumps", so that, 
after several hours, a new peak would begin to appear beside an old one 
in the spectrum. For this reason, data were stored approximately every 
two hours, and a new run started.
§3.3 RESULTS AND ANALYSIS
At the completion of the experiment, the different runs from 
the proton detector at 120° were stretched or compacted — using a 
histogram redistribution routine — so that the strongest group in the 
coincidence spectrum, the elastically-scattered deuteron group, was 
placed in the same channel for every run. This compensated for any gain 
shifts that occurred. However, it was assumed that no shifts in the zero 
of the ADC took place.
The proton spectra were then summed. The width of the elastic 
deuteron peak was broadened to about 55 keV. This broadening was caused 
by the fact that some of the runs had poor statistics, so that the 
location of the elastically-scattered deuteron peak, was poorly 
determined.
The peak of the elastically-scattered deuteron group in the 
ungated spectrum was normalised to the same group in the coincidence 
spectrum, and so a background spectrum was obtained. This was subtracted 
from the summed spectrum to obtain the spectrum shown in Fig. 3.4. The 
Q-value 4.32 MeV was used to obtain the energy [Le 67].
The total amount of charge collected in the experiment for 
Fig. 3.4 was 19,000 yC.
The yield of protons in the region of interest, near 4.8 MeV 
excitation energy in 236U, was found to be 1.5 counts/channel/yC, where 
a "channel" was taken to be 5 keV wide.
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Assuming
(i) the fission probability is 0.005 [Pe 69],
(ii) the solid angle subtended by the fission fragment detector is 
0.4 sr,
(iii) the angular distribution of the fission fragments is 
isotropic,
(iv) the beam is 1 yA,
the count rate for proton-fission coincidences is approximately 
1 count/channel/hour. This count rate precluded the possibility of 
obtaining a usable spectrum0
The yield curve obtained by the proton detector at 120°,
Fig. 3.4, is in good agreement with published results [Pe 69, Ba 69]. 
There is a discrepancy of 80 keV in the energy scales because different 
Q-values were used.
Below the neutron threshold at 6.54 MeV, the (d,pf) cross- 
section drops sharply because of the rapidly decreasing penetrability of 
the fission barrier. Above the neutron threshold, the decay of the 
(d,pf) cross-section occurs because of competition from the neutron decay 
channel.
Structure occurs at 5.34, 5C96, 6.15 and 6.28 MeV in 
qualitative agreement with [Ba 69]. There is also weak evidence for 
structure at 5.60 MeV. The structures at 5.34, 5.60 and 5.96 MeV are all 
about 200 keV in width. The structures 4.98 MeV [Pe 69] and 6.10,
6.28 MeV are small peaks of width less than 100 keV.
7T +[Ba 71] assigned K = 0 , (K is the projection of the angular 
momentum along the symmetry axis, it is the parity), for the 5o0 MeV peak, 
and 0 for 5.3 MeV. If these assignments are correct, we expect the 
2+ and 1 channels to occur at higher energies. The peak at 5.6 MeV 
probably represents one of these channels.
At 6.0 MeV, a well-developed plateau in the yield curve is 
clearly seen. In terms of the model of [Ba 71], it is plausible that 
this structure corresponds to the next vibrational resonance in the 
fission barrier for K = 0 . The spacing of the vibrational states of the 
second well in 236U is 1.0 MeV according to the model of [Ba 71], Such a
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vibrational level will be more strongly damped because of the increased 
level density, and because the level is above the fission barrier (the 
height of the outer barrier is 5.8 MeV [Ba 71]). The resonance would be 
stronger than the one at 5.0 MeV for three reasons:
1. the penetration factor is higher;
2. the increased damping increases area of the resonance [Ba 71];
3. the population of states which in fission through the 0
•f* ■+• -f* +transition state, viz. 1 = 0, 2, 4, 6, 8,..., is very much stronger 
at 6 MeV than at 5 MeV [Ba 71]. In particular, the probability of 
population of 4+ states increases from about 10% at 5 MeV to about 25% at 
6 MeV according to the model of [Ba 71].
The resonances at 6.10 and 6.25 MeV appear quite sharp, less 
than 100 keV in width. They may be associated with a relatively low- 
lying vibrational level of the outer well. These resonances would then
TT -correspond to high-lying multi-phonon transition states such as K = 2 
consisting of one quantum of mass asymmetry vibration and one quantum of 
y-vibration. Another possible transition state consists of the mass 
asymmetry quantum and one sloshing quantum, giving K =1 [see Ba 71],
The angular distribution of fission fragments following 
235U(d,p) [Sp 66] does not show any anisotropy at these energies, but 
this would be expected because of the large number of fissioning states 
at this energy.
PART B
2 3 5U(d,p) EXPERIMENT
Following the inability of the 235U(d,pf) experiment to produce 
high-resolution spectra at 5.0 MeV excitation energy, it was decided to 
obtain a high-resolution broad range 235U(d,p) spectrum. The reasons for 
doing this as indicated in §301, are basically to determine whether 
intermediate structure is present in (d,p) when fission is improbable.
In the range 4-5 MeV excitation energy, the fission probability is less 
than 0.01 [Pe 69].
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§3.4 EXPERIMENTAL PROCEDURE
The machine parameters were similar to those of part A. The 
beam energy was 11.5 MeV, the image slits typically 1.25 mm/1.25 mm.
After magnetic analysis, the beam was focused and steered by asymmetric 
magnetic quadrupoles, and passed through a 0„15 cm diameter tantalum 
collimator 29 cm from the target, followed by a 0.075 cm (vertical) x 
0.64 cm (horizontal) slit 3.5 cm from the target. The second slit 
defined the source height for the spectrometer.
The target chamber for the Buechner broad-range magnetic 
spectrometer was originally constructed in such a way that the beam was 
dumped on a piece of tantalum shim mounted within the chamber. For 
11.5 MeV deuterons this was found to produce a large number of neutron 
events in the photographic plates of the spectrograph, despite the fact 
that the plates were shielded from the dump by 23 cm of concrete. The 
presence of large numbers of neutron tracks makes difficult the scanning 
of the photographic plates. To overcome this problem, the beam line was 
extended 2.77 m from the target, through a port normally used for a 
760 mm vacuum gauge. The last metre of the beam line was surrounded with 
an average of 50 cm of concrete. The beam was dumped onto a graphite 
block. The direct path from the beam dump to the photographic plates 
passed through more than 1 m of concrete. This procedure reduced the 
number of neutron tracks in the photographic plate to an acceptable 
level.
However, the need to fix the port used for the vacuum gauge at 
0° removed the rotational degree of freedom of the magnet, so that 
observations could be performed only at 46.5°. This angle was 
kinematically favourable; there are no proton groups from the major 
contaminants, 12C and 160, in the region 4.2 -5.5 MeV excitation energy 
of 236U.
§3.4.1 Targets
The targets were made by the evaporation technique described in 
§3.2. The thickness of two sample targets, averaged over a number of 
measurements at different angles, was 184 yg/cm2 and 215 yg/cm2. However, 
this latter target had measurements of 236, 237 and 240 yg/cm2 and, 
immediately following, 198, 187, 195 yg/cm2. It is not known whether 
this change was due to some form of decomposition of the target.
68
The targets were thus expected to have a thickness of about 
200 yg/cm2.
§3.4.2 The Buechner Spectrograph
The magnetic field of the spectrograph was set so that protons 
corresponding to 4.8 MeV excitation energy in the residual 236U nucleus 
traversed the central ray of the magnet. It is this path which gives 
least aberration and best resolution [Sc 66].
Ilford K2 nuclear emulsion plates, 5 cm wide by 25 cm long, 
with a sensitive depth of 25 microns, were loaded in the focal plane of 
the Buechner magnetic spectrograph. The energies of the protons — 
typically 11 MeV — were much too high to be recorded by the plates. 
Therefore the protons had to be slowed down by absorbers. Shim steel of 
up to 0.25 mm thickness was used. Steel has an advantage over various 
plastics in that the absorber does not contain protons in any appreciable 
quantity, so that the possibility of an incident proton generating one or 
more knock-on protons is minimised.
However, if shim steel is placed directly on a photographic 
plate, the film is damaged. A thin sheet of mylar, of thickness 
1.7 mg/cm2, was placed between the shim steel and the plate, which 
adequately protected the film.
The thickness of the shim steel was varied along the length of 
the plate so that the energy of the proton entering the photographic 
plate was within 5-7 MeV. Tracks of protons of energy 8 MeV or above 
are difficult to observe in scanning. At lower energies, the possibility 
becomes appreciable that variations in the thickness of the shim steel 
might stop the protons completely. At 5 MeV, the proton would not stop 
unless the thickness of the shim steel deviated by more than 20% from its 
nominal value. The shim steel absorber stopped all reaction products 
heavier than protons.
The plates were exposed for approximately 40 hours, during 
which time 19,000 yC of beam charge was collected.
During the run, a small solid state fission counter at 150° 
detected fission events0 Using standard electronics, the fission 
spectrum was monitored in a pulse height analyser.
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The plates were developed using procedures standard in the 
laboratory.
§3„4.3 Scanning
Before loading in the camera, the plates had been exposed to 
light through a template which provided a position index along the plate. 
The normal procedure is then to load the camera, and expose the plates to 
light through a different template, which provides an absolute position 
datum within the camera. However, as the plates were masked by shim 
steel, this latter step was not possible, and absolute position was 
inferred from the position of known peaks in the spectrum.
The plates were scanned with a Cooke, Troughton and Simms 
binocular microscope at 200 X magnification. The plates were scanned in 
strips 1 cm long by about 375 microns wide. The distance between 
corresponding edges of the strips was 400 microns, so that 95% of the 
plate area was scanned. The 625 strips along the plate in the path of 
the central ray, and the plate adjacent to it corresponding to higher 
energies, (the "D" and "E" plates), were scanned, and the number of 
proton tracks counted. Proton recoils resulting from neutron collisions 
could usually be ignored as the track would not lie in the correct 
direction or traverse the film at the correct angle.
As the resolution of the experiment was much greater than the 
dispersion corresponding to 0.4 mm, numbers of strips could be added 
together. By adding four strips at once, a dispersion of 9 to 
12.5 keV/channel, depending on position, could be obtained. This was 
done for the 11.5 MeV data, which is plotted as the number of tracks per 
1o6 mm.
§3.4.4 Run with the Cyclo-Graaff Accelerating System
A run similar to that described above was made using a 16 MeV 
beam from the ANU Cyclo-Graaff system. In this system, a 14.23 MeV beam 
of negatively ionised deuterons was extracted from the fixed-energy 
cyclotron and injected into the EN tandem van der Graaff machine. With 
the high-energy injected beam, it was possible to run the machine with 
good stability with less than 800 kV on terminal. This would not be 
possible with a low-energy beam from a negative ion source.
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The kinematic window which enables observation of the region of 
interest at 11.5 MeV deuteron energy is still open at 16 MeV. A new set 
of absorber thicknesses were calculated, and installedQ In this case the 
required thickness ranged up to 0.25 mm with a margin for error of 10%.
The thickness of the shim steel used was measured — it lay within these 
specifications.
The reason for the change to the 16 MeV deuteron beam was that 
it was anticipated that the (d,p) cross-section would increase 
substantially.
Both the proton and fission cross-sections were found to 
increase by a factor of 3.5 between 11.5 and 16 MeV. The poor beam 
currents — usually less than 30 yA — meant that there was an overall 
reduction in proton and fission yield.
An exposure of 1800 yC was made. The D plate only was scanned, 
as described above, and compounded into eight strips per channel so as to 
provide adequate statistics, which resulted in a dispersion of 
approximately 31 keV/channel.
§3.5 RESULTS
The (d,p) spectrum obtained with the 11.5 MeV deuteron beam is 
shown in Fig. 3.5, the spectrum obtained with the 16 MeV beam is shown in 
Fig. 3.6.
§3.5.1 Calibration
The calibration for Fig. 3.5 was based on the position of the 
groups corresponding to 12C(d,po^i), 13C(d,pi), 160(d,po) and 180(d,p2). 
The very strong group corresponding to 160(d,pi) was not used as the peak 
lay very close to the edge of a plate, so that its position on the plate 
could not be accurately determined (see below)0
The 12C(d,po i) and 160(d,po i) groups are readily identified 
from their positions in the spectrum,, These groups were sufficiently 
dense that it was not possible to count all the tracks in the group, so 
that a direct determination of the location of the peaks of these groups 
was not possible. However, an estimate of the location of the peak can 
be made from measurements at the wings of the peak in the following way. 
Assume the peak has the shape of a split-Gaussian, namely,
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Figure 3.6: Proton yield from two 235U02 targets, bombarded with 16 MeV
deuterons. The targets were backed with 60 yg/cm2 carbon. The 
surface density of 235U was approximately 400 yg/cm2. The exposure 
was 1800 yC, and the NMR frequency 35.449 MHz. The calibration (i.e. 
radius of curvature versus plate position) used was the same as in 
Fig. 3.5. The two large peaks are u>0(d,pi) at a plate position of 
about 84.5 cm, and i2C(d,p2) at about 67 cm. 13C(d,pi) is expected 
to occur at 70.6 cm. The arrows indicate structure which corresponds 
to structure in Fig. 3.50
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[A exp[-(x - x ) 2/ 2 o i 2 ] x > x
y = 1
[A exp[-(x - x)2/2ö22] x < x .
The logarithm of this function is a "split parabola",
j'log A + ki(x-x)2 x>x
log y = j
i^ log A + k 2 (x-x)2 x<x ,
ki, k2 are constants„
This shape has the property that the two tangents to the 
parabola at a particular value of log y, i0e. one tangent from each arm, 
intersect at x = x.
Thus, plotting the wings of a peak on a logarithmic scale, and finding the 
intersection of the tangents drawn at a constant value of log y, provides 
an estimate of the peak location. The accuracy of the estimate depends 
upon the validity of the assumption of a split-Gaussian peak shape. For 
10 MeV protons, emerging as reaction products from a thin target, the 
combined effects of beam collimators (for the deuterons), target thickness 
and entrance slits to the magnet are expected to be not large, which they 
would be for heavy ions, for example. The "log y" curves themselves are 
indistinguishable from straight lines, which is to be expected at a 
distance of several half-widths away from x.
The accuracy of the method was checked by applying it to the 
12C(d,p) peak for the cyclotron run. It was possible to count all of the 
tracks in this peak. Allowing for variation in the widths of the peaks,
the error in the location of the peaks in the tandem run is less than
0.3 cm.
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It is also important that the number of counts at which the 
tangents are drawn is sufficiently large so as not to be significantly 
affected by the presence or absence of other groups in the spectrum. For 
this reason, counting was continued as far up the wings of the peaks as 
possible, that is, until the tracks became so dense that accurate counting 
was not possible. This occurred when the track density was some 30 to 50 
times greater than that normally encountered on the rest of the plate.
The one exception was the 150(d,pi) group, the high energy tail 
of which overlapped the D and E plates. Due to damage of the first few 
millimetres of the E plate during processing, counting could only be 
continued until the track density was only a few times that typical of the 
rest of the plate, with the result that the probable error in the location 
of the peak by the above method is large. The 150(d,p1) group was not 
used for calibration purposes»
The identification of the 13C(d,Pi) group was as follows:
1. the differential cross-section at 10° for 13C(d,pi) is 69.8 mb/sr
[G1 66].
2. the differential cross-section for the 13C(d,pi) direct reaction 
with orbital angular momentum transfer of zero, is, at about 45°, less 
than about 5% of the differential cross-section at 10° [Wi 66a], from 
which a differential cross-section at 45° of about 3 mb/sr is estimated.
3. the thickness of the carbon backing was 60 yg/cm2, implying a 
13C thickness of about 0.6 yg/cm2.
4. the solid angle for the approximate expected position of the 
13C(d,pi) group is 4.25x10“4 sr.
5. The beam charge was 19,000 yC. This results in an estimated 
yield for 13C(d,pi) group of about 4200 counts. The only peak with 
approximately this yield in the region where one expects to find the 
13C(d,pi) group has a yield, after allowing for dead space between tracks, 
of about 3700. This is well within the limits of accuracy of the estimate.
A similar procedure for 180(d,P2) produces an estimated yield 
of about 800 counts (and also about 500 counts for 180(d,po) and less than
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40 for 180(d,pi)). There are two possible candidated for 180(d,p2); the 
group indicated in Fig. 3.5, which has a yield of about 550 counts, and 
the group about one centimetre to the right, which has a yield of about 
900. The computer code BUKNACAL [Ha 66a], which calibrates the radius of 
curvature of a particle in the magnetic field of the Buechner spectrograph 
against position along the focal plane, was run using the four other 
groups and each of the above two groups in turn as calibration points.
The variance of the fourth-order polynomial best fit for the peak 
indicated in Fig. 3.5 was a factor of almost 500 smaller than the variance 
of the best fit when the group to the right in Fig0 3.5 was used.
The calibration was obtained from BUKNACAL using the five 
calibration points indicated in Fig. 3.5C The same calibration was used 
for the cyclotron run with 16 MeV deuterons (Fig, 3.6).
§3.5.2 Contaminants
A list of possible contaminants, their expected relative yields, 
and, in the case of contaminants whose target thickness may be inferred, 
their expected absolute yields, is shown in Table 3.2. The only reaction 
considered is (d,p) — all other reaction products were stopped by the 
absorbing foilSo
The contaminants investigated were carbon, nitrogen, oxygen, 
fluorine, aluminium, iron and hydrogen.
Carbon and oxygen are necessarily present in the target, while 
fluorine and, to a lesser extent, nitrogen are common chemical 
contaminants. Aluminium was investigated because it is the material used 
in the target support, and iron because of its prevalence in the 
experimental environment, for example, the target holder and the 
scattering chamber.
The possible contribution of each of these elements is 
discussed below.
Carbon [Aj 70, Sc 67, Sc 64, Ha 61]
The thickness of 12C was about 60 yg/cm2 — the only groups from 
12C(d,p)13C which occur on the plates are the ground and first excited 
states of 13C, both of these peaks are used as calibration points.
Table 3.2: Expected positions and yields of possible contaminants
Contaminant 
nucleus and 
target 
thickness 
(yg/cm2)
Level in 
residual 
nucleus
Differential
cross-
section
(mb/sr)
Estimated
yield Position Comments
12C 0.0 2.5 3.3 x 105 112.957 Calibration point
(60 yg/cm2) 3.09 (1)* 8.25 1.3 x 106 66.714 Calibration point
3.68 59.246 Not on D plate. No 
other relevant 12C
group
13C 0.0 0.44 ~ 600 - Energy too high to 
be detected
(0.6) 6.09 (1) 3 4200 70.576 Calibration point
6.59 (2) 0.1 140 65.401 Too close to 
12C(d,pj) to be 
observed
6.73 (3) 62.307 Not on D plate. No 
other relevant 1 3C
group
14c 0.0 60.191 Not on D plate. No 
relevant ^4C groups
14n 6 o 323 (3) 0.5 107.703 First possible 
group from 14N
7.154 (4) 6 94.447
7.300 (5) 8 92.236
7.563 (6) 9 88.262
8.312 (7) 4 77.424
8.571 (8) 1 73.827
9.062 (9) (weak) 67.249
9.165(10) 1 65.899
9.225(11) 0.4 65.132
9.929(12) (weak) ~ 0.3 56.412 Not on D plate. No 
other relevant 14N
groups
15n 0.0 3 77.627
0.12 1 75.939
0.296 4 73.517
0.397 3 72.142
3.37 37.545 Not on D plate. No 
other relevant 15N
groups
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Table 3.2 (cont’d)
Contaminant 
nucleus and 
target 
thickness 
(yg/cm2)
Level in 
residual 
nucleus
Differential
cross-
section
(mb/sr)
Estimated
yield Position Comments
16(3 0.0 6.5 5.5 x io5 103.236 Calibration point
(50 yg/cm2) 0.871 (1) 5.0 4.4 x io4 89.679
3. 06 (2) 59.690 Not on D plate.
No other relevant 
160 groups
170 3.55 (relative)
8
109.709 First relevant 170 
group
(0.02 yg/cm2) 3.63 0.4 108.348
3.92 30 103.603
4.45 0.1 95.233
5.09 0.25 85.597
5.25 2 83.248
5.33 0.2 82.083
5 o 37 8 81.508
5.46 < 0.1 80.223
6.19 0.1 70.125
6.34 0.2 68.147
6.39 < 0.1 67.496
6.80 < 0.1 61.475 Not on D plate.
No other relevant 
170 groups
o00iH 0.0 3 500 101.427 Not seen because 
of 160(d,p0)
(0.1 yg/cm2) 0.096 < 40 99.918
1.467 5 800 79.333
2.373 < 10 66.995
2.779 61.798 Not on D plate.
No other relevant 
180 groups
19p 2.044 3 111.906 First possible 
group from 19F
2.195 1.5 109.338
2.864 0.2 98.474
2.967 0.9 96.862
3.172 0.08 93.698
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Table 3.2 (cont’d)
Contaminant 
nucleus and 
target 
thickness
Level in 
residual 
nucleus
Differential
cross-
section
Estimated
yield Position Comments
(ug/cm2) (mb/sr)
19F 3.489 2 88.912
(cont'd) 3 .526 0 .7 88 .356
3 .586 0 .7 87 .456
3 .684 0 .3 86 .067
3 o 761 0 .02 84 .879
3 o 965 0 .0 3 81 .444
4 .081 0 .9 80 .237
4 0199 0 .01 78.564
4 .208 0 .01 78.435
4 .2 7 6 0 .0 2 77.482
4.311 0 .0 6 76 .989
4 .584 < 0 .01 73 .213
4 .5 9 2 0 .01 73.100
4 .7 3 0 0 .0 2 71 .238
4 .7 6 4 0 .02 70 .784
4 .892 0 .0 1 69 .077
4 .8 9 8 0 .0 2 68 .995
5 .040 0 .01 67 .120
5 .065 o o 66 .794
5 .224
oo
64 .7 4 3
5 .281
o
0
o
64 .005 Outside range of 
interest. No 
other significant 
groups
27A 1 3 .347 o o 111 .900
3.461 1.2 109.978
3 .537 o o 0-1 108.692
3.591 1 .1 107.789
3 .669 0 . 4 106 .480
3 .704 0 .1 105.902
3 .762 0 .0 1 2 104 .976
3.878 0 . 3 103 .069
3 .900 o o 102 .713
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Table 3.2 (cont’d)
Contaminant 
nucleus and 
target 
thickness 
(ug/cm2)
Level in 
residual 
nucleus
Differential
cross-
section
Estimated
yield
(mb/sr)
Position Comments
27A1 3.935 0.06 102.148
(cont’d) 4.030 1.0 100.630
4.115 0.03 99.275
4.243 0.06 97.280
4.315 0c2 96.155
4.383 0.045 95.098
4.466 0.08 93.822
4.518 0.05 93.024
4.595 0.04 91.854
4.685 1.0 90.505
4.741 0.12 89.638
4.767 1.1 89.274
4.845 r^oo 88.095
4.906 0.6 87.186
4.928 0.05 86.888
4.999 0.17 85.814
5.019 0.05 85.519
5.138 2 83.775
5.168 83.337
5.179 83.177
5.191 83.006
5.289 81.587
5.331 80.983
5.346 80.765
5.377 80.320
5.405 79.920
5 c 445 79.351
5 c 525 78.223
5.596 77.227
5.746 75.136
5 c 766 74.859
5.802 74.361
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Table 3.2 (cont'd)
Contaminant 
nucleus and 
target 
thickness
Level in 
residual 
nucleus
Differential
cross-
section
Estimated
yield Position Comments
(pg/cm2) (mb/sr)
27A1 5.867 73.467
(contT d) 5.909 72.894
5.931 72 o 594
5.960 72.205
5.989 71.813
6.012 71.505
6.027 71.301
6.067 71.177
6.073 70„687
6.163 69.486
6 o 201 68.978
6.247 68.367
6.322 67.383
6.424 66.053
6.446 65.772
6.485 65.270
6.569 64.196 Not on D plate. 
No other 
significant 27A1
groups
54Fe 5.123 0.04 112.003
5.406 0.1 107.228
5 „ 564 0 o 04 104.631
5 o 792 0.14 100.930
5.796 0.09 100.869
5.910 0.15 99.071
5.960 0.02 98.281
6o069 0.21 96.577
6.167 0.52 95.056
60275 0.20 930 389
6.487 0.668 90.163
6.639 0.41 87.887
6.778 0.616 86.937
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Table 3.2 (cont'd)
Contaminant 
nucleus and 
target 
thickness 
(yg/cm2)
Level in 
residual 
nucleus
Differential
cross-
section
Estimated
yield Position
(mb/sr)
Comments
54Fe 
(cont'd)
56Fe
84.745
83.922 
83.162 
78.945 
77.352 
76.708
73.922 
71.289 
70o687 
69.557 
68.355 
67.016 
66.366 
65.285 
64.825
63.552 Not on D plate.
No other relevant 
54Fe groups
3.473 oo 112,021
3.544 0.017 110.805
3.560 0,023 110.529
3.579 0.0175 110.209
3,767 0.01 107.061
3.791 0,03 106.663
3 o 834 0.014 105.953
3.861 0.05 105.509
3.890 0.005 105.038
3.937 0.19 104.266
3.974 0.200 103.655
4.039 0,019 102.603
4.091 ? 101.768
4.141 1.0 100.968
6.852 < 1.5
6,908 0.36
6.960 0.0355
7.254 0.806
7.367 0.286
7.413 0,182
7.614 0.38
7.808 0.286
7.853 0.182
7.938 < 0.935
8.028 0.1188
8.130 0.27
8.180 0.27
8.264 0.29
8.300 < 2.5
8.400 < 1.7
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Table 3.2 (cont'd)
Contaminant 
nucleus and 
target 
thickness 
(yg/cm2)
Level in 
residual 
nucleus
Differential
cross-
section
(mb/sr)
Estimated
yield Position Comments
56Fe 4 . 2 0 1 0 . 0 3 1 0 0 . 0 0 4
(cont'd)
4 . 2 3 9 0 . 0 1 2 9 9 . 3 9 9
4 . 3 1 0 0 . 0 8 9 8 . 2 8 1
4 . 3 4 5 0 . 0 2 9 7 . 7 3 2
4 . 3 8 2 1 . 0 9 7 . 1 5 8
4 . 4 4 8 l o 0 9 6 . 1 2 9
4 . 4 9 2 0 . 5 9 5 . 4 5 7
4 . 5 2 5 0 . 0 4 9 4 . 9 4 1
4 a 5 4 7 0 . 0 0 3 9 4 . 6 0 4
4 . 5 7 1 0 . 0 4 9 4 . 2 3 5
4 . 5 9 4 0 o 4 9 3 . 8 8 4
4 . 6 5 5 0 . 0 7 6 9 2 . 9 4 7
4 . 6 9 5 0 . 0 3 9 2 . 3 3 8
4 . 7 1 7 ? 9 2 . 0 0 8
4 . 7 4 4 0 . 0 9 9 1 . 5 9 6
4 . 7 8 5 0 . 0 7 9 0 . 9 6 9
4 . 8 2 4 1 . 0 9 0 . 3 8 3
4 . 8 9 9 ? 8 9 . 2 5 4
4 . 9 1 4 0 o 2 2 8 9 . 0 3 1
4 . 9 7 8 0 . 4 8 8 . 0 7 0
5 . 0 0 1 0 o6 8 7 . 7 2 6
5 . 0 4 9 0 . 0 2 8 7 . 0 1 0
5 . 0 8 0 ? 8 6 . 5 5 2
5 . 0 9 9 ? 8 6 . 2 6 9
5 . 1 1 7 0 . 0 4 8 6 . 0 0 3
5 o 1 3 9 0 . 3 8 5 . 6 7 9
5 0 1 7 2 0 . 0 5 8 5  0 1 9 6
5 o 1 9 5 ? 8 4 . 8 6 0
5 . 2 1 9 ? 8 4 o  5 1 0
5 . 2 3 4 0 . 0 2 5 8 4 . 2 9 0
5 . 2 5 0 0 0 0 0 5 8 4 . 0 5 6
5 . 2 7 1 0 . 0 0 2 4 8 3 . 7 4 6
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Table 3,2 (cont'd)
Contaminant 
nucleus and 
target 
thickness 
(Mg/cm2)
Level in 
residual 
nucleus
Differential
cross-
section
(mb/sr)
Estimated
yield Position Comments
56Fe 5.289 0.22 83.484
(cont'd) 5 o 334 0.07 H00CM00
5.360 1.0 82.459
5.419 0.7 81.606
5.444 0.7 81.243
5.465 0.085 80.941
5.502 0.0027 80.408
5.520 0.025 80.149
5.545 ? 79.791
5.563 0.117 79.535
5.609 0.1 78.886
5.647 ? 78.350
5.661 ? 78.151
5.688 0.008 77.771
5 o 708 0.2 77.491
5.743 oo 76.998
5.772 0.014 76.591
5.802 ? 76.173
5.825 o o OnI 75.855
5 0 844 0.05 75.594
5.864 0.007 75.316
5.900 0.015 74.820
5.918 ? 74.571
5.936 0.015 74.321
5.956 0.026 74.048
5.983 0.2 73.676
6.025 0.13 73.100
6.044 0.3 72.843
6.083 CMOo 72.313
6.103 0.03 72.040
6.130 0.15 71.627
6.14S ? 71.437
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Table 3.2 (cont'd)
Contaminant 
nucleus and 
target 
thickness
Level in 
residual 
nucleus
Differential
cross-
section
Estimated
yield Position Comments
(yg/cm2) (mb/sr)
56Fe 6.171 0.25 71.129
(cont’d) 6.194 0 . 3 70.825
6.212 0.006 70.580
6.230 0.08 70.339
6.252 0.062 70.042
6.270 0.21 69.806
6o 305 ? 69.341
6.323 ? 69.098
6.340 ? 68.872
6.370 0.09 68.473
6.408 0.022 67.971
6.427 0.8 67.723
6 0 496 ? 66.818
6o 512 0.106 66.605
60542 0.025 66.222
6.571 0.1 65.851
6.589 < 0.5 65.622
6.640 < 0.5 64.967
6.672 0.7 Not on D plate.
No other relevant 
57Fe group
57Fe 5.857 o o -vl 112.388
5.887 0.05 111.861 Last level 
measured in 
57Fe(d,p) [Me 72]
58Fe 2.442 111.693
2„488 110.924
2.565 109.622
2.735 106.761
2.759 106.364
2.812 0.15 105.497
2.856 0.10 104.778
2.943 103.347
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Table 3.2 (cont'd)
Contaminant 
nucleus and 
target 
thickness 
(yg/cm2)
Level in 
residual 
nucleus
Differential
cross-
section
(mb/sr)
Estimated
yield Position Comments
58Fe 2.990 102.586
(cont'd) 3.020 102.104
3.071 < 2 101.284
3.103 < 0.7 100.772
3.160 < 4 99.864
3.169 < 0.4 99.717
3.194 99.323
3.225 98.850
3.282 97.950
3.311 97.498
3.388 < 3 96.297
3.543 93.894
3.565 93.559
3.600 < 1.5 93.024
3.639 < 0.2 92.430
3.668 < 1.0 91.992
3.734 90.984
3.824 89.628
3.872 < 5 88.907
3.921 < 0.5 88.174
3.989 < 1.5 87.156
4.045 < 0 . 3 86.327
4.083 < 0 0 3 85.770
4 0124 < 0.3 85.167
4.159 < 0.3 84.658
4.181 < 0.3 84.333
4.224 2 83.703
4.277 1 82.930
4.377 0.6 81.490
4.409 < 0.4 81.024
4.423 < 0.4 80.825
4.516 < 2 79.494
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Table 3.2 (cont’d)
Contaminant 
nucleus and 
target 
thickness 
(ug/cm2)
Level in 
residual 
nucleus
Differential
cross-
section
(mb/sr)
Estimated
yield Position Comments
58Fe 4.541 < 0.6 79.141
(cont'd) 4.580 < 0.5 78.586
4 .629 < 0o6 77.897
4.650 77.605
4.660 77.464
4.686 77.097
4.770 75.926
4.830 75.097
4.870 74.484 Highest level in
5<3Fe measured in
(d,p)
* The number (n) is the nth excited state.
The (d,p) reaction on 13C results in two proton groups on the 
plates, those corresponding to the first and second excited states of 14C. 
As discussed earlier, the first excited state was used as a calibration 
point; the second is only weakly excited and is too close to the 
lzC(d,pi) group to be observed.
Nitrogen [Aj 70, Ph 69]
The 14N(d,p) reaction produces observable proton groups if the 
excitation energy of the residual 15N nucleus lies between about 6 and 
9.25 MeV. The level with the strongest cross-section — 7.563 MeV — is 
obscured by the 160(d,p1) peak, and the next two strongest peaks, 7,154 
MeV and 7.300 MeV, are both on the side of stronger peaks at 91.8 cm and 
94.8 cm, respectively. In the latter case, the stronger peak is rising 
very steeply, and a smaller peak of less than about 500 counts would be 
obscured. For the former peak, there is some evidence for a narrow peak, 
of, very roughly, 100 counts, at 94.28 cm, which is to be compared with 
the expected position of 94o45 cm.
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The next strongest peak is expected to occur at 77»424 cm. A 
small peak of at most 80 counts is observed at 77.23 cm. A weak peak is 
expected to occur at 73.83 cm.
The remaining groups are either too weak to be observed or are 
obscured by stronger peaks.
The above observations are consistent with the presence of 
nitrogen in the target with a thickness of at most 0.01 yg/cm2. The 
thickness of 15N is thus less than 4><10-5 yg/cm2. The cross-sections 
for 15N(d,p) reactions are too small to be observed at this thickness 
[Wa 57],
Oxygen
The thickness of oxygen in the target was about 50 yg/cm2. The 
only groups from 160(d,p)170 which occur on the plates are the ground and 
first excited states; the former was used as a calibration point.
Only one group from the 180(d,p) reaction was observed. This 
is the 180(d,p2) group which was used as a calibration point» The 
]80(d,po) reaction should produce about 500 counts, but it is obscured by 
the 160(d,po) group. Other proton groups resulting from the presence of 
130 in the target are too weak to be observed» Yields of about 100 
counts are to be expected from 170(d,p)180 for reactions with cross- 
sections of several millibarns per steradian. The strongest group, to 
the 3.92 MeV level in 180, is obscured by the 160(d,po) group. The next 
strongest peak is that corresponding to the 3.55 MeV level of 180. There 
is no evidence for this group at all at its expected position, 109.7 cm, 
and it is therefore concluded that there is no significant contamination 
from 170(d,p) groups.
Fluorine
The 19F(d,p) reaction can proceed to twenty-five levels of 20F 
which can occur on the plates in the region [Sc 66a, Ro 70, Ro 71a]» The 
strongest of these levels are those to 2.044 MeV, which is obscured by 
12C(d,po), 3.489 MeV and 3.526 MeV, which are both obscured by 150(d,pi) 
and 4.081 MeV, for which there is no evidence. All the other fluorine 
groups have cross-sections of less than one-quarter of that for 
4.081 MeV, except the 3.586 and 3.684 MeV levels for which there is
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no evidence, and the 5.065 MeV level, which is obscured by the 12C(d,pi) 
group. It is concluded, therefore, that there was no observable 
contamination from fluorine in the spectrum.
Aluminium
Groups from 27Al(d,p) would occur only if the beam had wandered 
sufficiently far off centre to strike the target support. In this case, 
any resulting groups would be expected to be broadened and displaced from 
their expected positions due to energy loss effects. There would also be 
increased aberration resulting from the displacement of the source. It 
is not possible to give a quantitative estimate of these effects.
Fifty-eight levels of 28A1 can give rise to groups in the 
region of interest, corresponding to energy levels in 28A1 of 3.294 MeV 
to 6.485 MeV. The cross-sections for these reactions have been measured 
only up to the 5.138 MeV level [Ch 72],
For the groups with cross-section of 1 mb/sr or more, there is 
no evidence at all. The slow decay of counts between 110 cm and 108 cm 
is not likely to be the tail of a broad peak corresponding to the 
3.461 MeV level, because a similar pattern should be observed also for 
the 3.591 MeV level, i.e0 a slow decline between 108 and 106 cm of 
approximately equal intensity. This is not observed.
It is thus possible to infer that (d,p) reactions on 27A1 
provide no significant contamination to the spectrum provided the cross- 
section is less than 2 mb/sr. It is not likely that levels in the range 
5.138 to 6*485 MeV in 28A1 would have (d,p) cross-sections greatly in 
excess of this figure.
Iron
Groups from (d,p) reactions on the iron isotopes could only 
occur in the event of severe movement of the beam, or as a result of 
multiple scattering. In either case the group would be greatly broadened 
and displaced as a result of aberration and energy loss effects.
We examine first the possibility of (d,p) reactions from the 
most common — 91.6 per cent abundant — isotope, 55Fe0 The 5GFe(d,p) 
reaction was studied by Sen Gupta et alo [Se 71] at 12 MeV. Groups from 
ninety-eight levels could occur on the plates.
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Perhaps the most convincing evidence for the absence of 56Fe 
contamination lies in the absence of the three strong groups correspond­
ing to 5.360, 5.419 and 5.444 MeV in 57Fe, which are expected to occur at 
82.46, 81.61 and 81.24 cm, respectively. The broad peak at 82.20 cm 
could be associated with the first of these levels, but the absence of 
the other two rules this outc The absence of the latter two groups 
provides an estimate of the upper limit of the thickness of 55Fe under 
thin target conditions of 0o3 yg/cm2. It should be noted also that 
between 81 cm and 68 cm on the plate, all of the corresponding levels in 
57Fe resulting from the (d,p) reaction have cross-sections at least 
several times smaller than those discussed above, which are about 
1 mb/sr. Hence it is concluded that no observable contamination, in 
particular in the region 70 - 80 cm, results from 56Fe0
The upper limit for the thin target thickness of 56Fe results 
in upper limits for the other isotopes of iron of 0.015 yg/cm2 for 54Fe, 
0.005 yg/cm2 for 57Fe and 0.0008 yg/cm2 for 58Fe. These isotopes would 
not result in observable groups unless the reaction cross-section was 
very strong, namely 20, 60 and 300 mb/sr, respectively. None of the 
reactions have this intensity at the appropriate angle (54Fe(d,p),
[Fu 63, Ko 72]; 57Fe(d,p), [Fu 63, Ra 72]; 58Fe(d,p), [Me 72, Le 67a]).
Hydrogen
The recoil proton resulting from elastic deuteron and hydrogen 
collisions in the target did not have sufficient energy to occur on the 
plates.
From Table 3.2 and the preceding discussion, it is apparent 
that the presence of 12C, 13C, 160, 180 and possibly 14N has been 
detected, but there is no evidence of 170, as expected from the yield for 
other oxygen isotopes, or fluorine, aluminium or any of the iron isotopes. 
However, many peaks remain, particularly between the region 90 - 100 cm. 
These peaks are not to be found in the published 235U(d,p) spectra 
[No 59] and their origin is not known.
A further puzzling feature is the occurrence of long low-energy 
tails stretching out over several centimetres from the 160(d,p) reactions, 
but not from the 12C(d,p) reactions, despite the fact that the latter 
have equal or greater yields. The latter observation indicates that the
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low-energy tails are not due to temporary variations in the strength of 
the magnetic field of the Buechner spectrograph.
Despite the above, there are some indications that the region 
70-80 cm consists mostly of protons resulting from 235U(d,p). Firstly, 
there is evidence of a gross-structure bump at 5„0 MeV excitation, in 
agreement with [No 59] and [Pe 69]. Secondly, the ratio of the cross- 
section at 2.7 MeV excitation to 5.0 MeV excitation is 1 to 3„5, in 
agreement with [No 59]„ In [Ma 64] the 235U(d,p) cross-section is 
approximately constant between excitation energies of 2.6 and 3.0 MeV, 
whereas a slight decrease is observed in Fig. 3„5. This is attributable 
to the extreme tail of the 12C(d,po) peak.
§3o5.3 Cyclotron Run (Deuteron energy of 16 MeV)
The only observable contaminants are the 160(d,pi), 13C(d,pi) 
and 12C(d,p2) peaks. The 180(d,p2) group is not observed, and is not 
expected to be observed due to the low yield of the experiment. In view 
of the failure to observe this group, compared with its prevalence in the 
run at 11.5 MeV beam energy, and the failure to find evidence of other 
impurities at 11.5 MeV, a detailed search for these impurities was not 
undertaken.
It should be noted that in Fig. 3.6, the quantity plotted is 
number of tracks per 3.2 mm, which corresponds to a dispersion of 31 keV 
per channel, which is approximately equal to the resolution of the 
experiment, so that small peaks, for example 13C(d,pi), may occupy only 
one channel. In the following, "single-channel peaks" are disregarded,,
It should also be noted that the yield ratio between 3.8 MeV 
and 5.0 MeV excitation energy, namely about 0„7, is in agreement with 
previous measurements [No 59]. The small bump at 4.2 MeV [No 59] is 
obscured by the 160(d,pi) group.
§3.5.4 Comparison of the 11.5 MeV and 16 MeV Spectra
For the 11.5 MeV run, the region 4.3 to 5.2 MeV is accessible, 
whilst for the 16 MeV run, the region is 4.3 to 5„8 MeV„ In the latter,
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however, the dispersion is more than doubled, and the statistics much 
poorer.
The general feature of both spectra is a broad peak centred at 
5.0 MeV excitation. In addition, there is evidence for a peak of 50 keV 
width at 4.44 MeV, a sharp peak at 4.75 MeV and a sharp jump at 5.00 MeV. 
Table 3.3 lists the energies and their uncertainties obtained from each 
run.
Table 3.3
Feature 11.5 MeV 16 MeV
50 keV wide peak 4.44 ± 0.015 4.42 ± 0.02
sharp peak 4.75 ±0.01 4.75 ± 0.02
sharp jump (half-height) 4.99 ± 0.01 4.98 ± 0.02
The fact that these features do not move to higher excitation 
energies in the 236U scale at the higher bombarding energy is strong 
evidence that they are not associated with a nucleus of mass less than 
100o (A (d,p) reaction on a nucleus of mass 100 would have produced a 
kinematic shift of about 40 keV in the 236U scale.)
In addition, there is evidence for weaker structure in the
11.5 MeV data which would be too weak to be observed in the 16 MeV data. 
These include a peak at 4.87 MeV and a shoulder at 5.13 MeV. (The data 
seem to indicate this shoulder also in the 16 MeV run, but lack 
statistical significance.)
In the 11„5 MeV spectrum the ratio of the yields of the 4.75 
and 4.44 MeV peaks is 1.5 to 1, whereas at 16 MeV, the two yields are 
approximately equal. This suggests that the two peaks are populated by 
two distinct reaction mechanisms.
Also, the jump at 4.98 MeV is 40% at 11.5 MeV and 20% at 16 MeV, 
but this difference may be due partly to the greater dispersion at
11.5 MeV and statistical fluctuations.
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§3.6 CONCLUSION
There is some evidence that the gross-structure bump at 
48 - 50 MeV in the 235U(d,p) reaction cross-section exhibits finer, or 
henceforth, intermediate, structure. The structure is too weak to have 
been observed in previous investigations, but is similar to structure 
observed in the 239Pu(d,p) cross-section at excitation energies of 
4.4-4.8 MeV [Sp 69]« It is also in accord with the splitting of gross- 
structure bumps into finer structure at lower excitation energies in 
236U [Ma 64].
The origin of the structure is by no means clear. The gross- 
structure appears to be related to stripping to smeared-out single 
particle levels [An 70]; and the lowest gross-structure bump in 
235U(d,p) has been interpreted in terms of its component single-particle 
levels [Br 73a], However, the spreading width of the single-particle 
levels would have to be anomalously low for this to be the explanation 
for the structure at 5.0 MeV excitation energy.
The structure may be due to the mixing and interference effects 
mentioned in §3.1, but the effects seem too large for this to be 
plausible0 In order to explain the structure, a large width for y-decay 
in the outer well, and a large matrix element h would be required.
It would be unwise to commit oneself on the cause of the 
structure. Rather, it would be concluded that, within the limits of the 
experiment, structure which qualifies under our experiment definition as 
being "intermediate", was observed, and that similar structure has been 
observed in the (d,p) reaction at lower excitation energies in 236U 
[Ma 64], and at slightly lower energies in 240Pu [Sp 69], Such structure 
might be more general than previously thought.
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CHAPTER 4
A SEARCH FOR TWO-STEP SCATTERING IN 13C(p,p')
§4.1 INTRODUCTION
Previous chapters have been concerned with intermediate 
structure following or associated with direct reactions in heavy ions and 
heavy nuclei. In this chapter we shall also be concerned with the 
interaction following a direct reaction — in this case, a second direct 
reaction. Some examples of two-step processes (reactions and scattering) 
are:
A + t (A + n) + d (A + 2n) +p double stripping
A + p (A - n) + d -»• (A - 2n) + t double pickup
A + t -* (A + n) + d (A + n - p) + t stripping-pickup
A + p -* (A-n)+d->-A+p pickup-stripping .
This chapter describes a search for the pickup-stripping scattering 
process
13C + p -> 12C + d 13C +p
as part of a more comprehensive search for two-step reactions in this 
laboratory [Nu 72].
Two-step processes have been studied theoretically by a Russian 
group (see §4.2) who predicted that the cross-section for the two-step 
inelastic scattering of protons off nuclei would be maximized for targets 
of 4n + 1 nucleons in the lp shell. The reason for this is the existence 
of several very pure single-particle states at low excitation energies in 
these nuclei.
The two-step scattering amplitude adds coherently with the 
amplitudes for direct inelastic scattering and compound inelastic 
scattering. The two-step mechanism may be distinguished from the other 
two by means of the sharp peak predicted to occur at forward angles. The 
distorted-wave Born approximation theory [Sa 64] may be used to calculate 
the angular distribution for direct inelastic scattering. For most
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nuclei in the lp shell, this angular distribution does not rise at 
forward angles, provided the orbital angular momentum transfer is not 
zero. Despite the fact that it is not, in general, known, the angular 
distribution for compound inelastic scattering almost never shows large 
variations at forward angles.
§4.2 THEORY
Two-step processes may be formulated conveniently in terms of 
four point graphs (see Fig. 4.1), which are used to calculate the 
reaction amplitude by means of dispersion relations. These latter 
require, in the momentum representation, an integration over the momentum 
of a virtual particle [Sh 63]. Calculations of the differential cross- 
sections using initially the plane-wave Born approximation and later the 
distorted-wave Born approximation have been made both for inelastic 
scattering [Ne 68, Ne 69, Ma 70a] and two-nucleon transfer reactions 
[Ba 67, Ma 70].
step inelastic scattering of protons, using distorted waves to describe 
the initial and final states.
We discuss briefly the equation given in [Ma 70a] for the two-
The notation is indicated in Fig. 4.1.
The equation for the differential cross-section is
do
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m is the mass of the proton,
k ,k , are the momenta, divided by "h, of the incoming and outgoing P P
proton,
B(LSJ) is a geometric factor given by
ft SA JAA A
2 L S J
A, C , B T C
jßV"B SB
U(LAÄ1LBÄ2;LCL3 U(Sa%Sb%;ScS) UCJjW s^S)
<V*r -%|tamtP W  -%|tbVA L/ 13
< B[fB]LBSBTB |C[fc]LcScTc ;n[l]Ä2¥ä>
V cV aV b
2
(4.2)
The first term in the product is the Wigner 9-j symbol; the 
U coefficients are related to the Racah coefficients by
U(abed;ef) = (2e +1)^ (2f+1)^ W(abed;ef) (4.3)
The factors involving isospin terms are Clebsch-Gordan 
coefficients and the a^ are intermediate coupling 
coefficients. The factors
< A[fA] LaSaTaIC[fc]LCSCTC;n[ 1 ] >
are fractional parentage coefficients describing the overlap 
between the initial (or final) and intermediate state. The 
[f^] are Young patterns [Ja 52] which describe the 
configurations of the nucleus A which can couple to the 
configurations consisting of [f ] and a neutron, [1], with 
all quantum numbers as indicated. In the present experiment, 
the only significant configurations are those in which C is 
the ground state of the 12C nucleus, and A and B are 
described by a 12C nucleus in its ground state coupled to a 
lPl/2 and, 23^ ^  anc* ^5/2 state, respectively.
6 is the scattering angle of the proton.
p is an orbital angular momentum which arises from a summation 
of products of spherical harmonic functions occurring in the
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R a,A, (k , AAA'v p*
reaction amplitude [B1 52]. It may also be noted that the 
Clebsch-Gordan coefficient with zero component and the U 
coefficients arise from a contraction of sums over magnetic 
quantum numbers of products of Clebsch-Gordan coefficients 
occurring in the reaction amplitude.
k ,) are overlap integrals between the initial and final states. 
The wave function of the initial state is the product of the 
wave function of relative motion of the proton and the 
nucleus, and the wave function of the internal state of the 
nucleus. The wave function of relative motion is assumed to 
be the solution of the Schrödinger equation with a Woods- 
Saxon potential. The relative orbital angular momentum is A. 
The wave function for the internal state of the nucleus is 
assumed to be the wave function of a neutron with orbital 
angular momentum &]_ in an harmonic oscillator potential. 
Strictly, this integral should be evaluated at all radii, 
but the principal contribution to the integral occurs at the 
nuclear surface Rq , and the value of the integral is 
approximated by the value of the integrand at Rq [G1 59]
fn+)v )u«.iWr2dr ~ Ro fl+)(kPw Ro) • (4-4)
The deuteron being an intermediate particle, its wave 
function must be evaluated for all momenta as well as radii. 
Again the principal contribution to the integral occurs at 
the nuclear surface, but, according to dispersion theory, it 
remains necessary to integrate over momentum. The resultant 
expression for ^ ^ A A ' ^ p ^ p ’^
R0 fi+](kpR°3 £A')(kP 'R»)Uil1(Ro)UJl2 (Ro)
iw°h2 „
k2 - k2 + ie kd dkd '' C d
k^ is the momentum, divided by fi of the deuteron, and
2M,
(4.5)
k2kc IF (E - Er + e. . + e , .) v p C A, 1 d, 1
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being the deuteron mass, 
is the incident proton energy.
is the excitation energy of the intermediate nucleus, 
and  ^are the dissociation energies for the process 
A (A - 1) c + n
and
d -*• n + p .
A calculation, using (4.1), of the differential cross-section [Ma 70] for 
the two-step scattering for 9Be(p,pi) is shown in Fig. 4.2. The angular 
distributions are strongly forward peaked, rising to about 0.5 mb/sr, and 
depend on incident energy much more strongly than direct reactions 
[Ma 70].
The two-step inelastic scattering mechanism is expected to 
occur when the following conditions are met:
1. the excitation energy of the final nucleus is small (1-2 MeV).
2. the Q-value at each step of the scattering is small (1-2 MeV).
3. the scattering is observed at forward angles and low energies. 
(Coupled with condition 1, this condition is equivalent to the 
requirement that the momentum transfer, q, be less than 0.4 fm"1.)
4. the orbital angular momentum transfer of the scattering is small 
L <  3.
5. the initial and final states must both be strongly coupled to 
states of the intermediate nucleus, C, plus a neutron.
9Be(p,pi) satisfies all of these conditions. 13C(p,pi) 
satisfies the last three conditions but not the first two; the 
excitation energy of the residual nucleus is over 3 MeV, and the Q-value 
for the (p,d) reaction is 2.72 MeV. However, the intermediate deuteron 
is not a free particle, and the Q-value for the first step of the two- 
step scattering process may be less than 2.72 MeV. For 13C(p,p3) similar 
comments apply; however, this scattering involves an orbital angular 
momentum transfer of 3.
The overlap between a 12C core plus a neutron and the ground 
and excited state of 13C is particularly strong as indicated in Table 4.1
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Figure 4.2: Calculated differential cross-section for the inelastic
scattering of protons to the first excited state of 9Be, using 
equation (4.1) [Ma 70].
Table 4.1: Shell model configuration states of 1 3C
using standard shell model notation [Gr 71, Bo 64, Ba 61].
100
MeV J71
6.864 5/2+ -0. Oil I Oh-, l d 5 / 2 > - 0.587 | 2+, l d 5 / 2 > 
+ 0.03 |2+, l d 3 / 2 > + 0.809 | 2+, 2sl/2>
3.854
3.684
3.086
5/2+
3/2"
l/2+
0.9|0+, ld5/2> + 0.l|2+, ld3/2> - 0.17|2+, 2s1/2>
1 L = 3 transfer
0.96 J 0+, 2s1/2> - 0.29 I2+, ld5/2>+ .0022|2+, ld3/2> 
L =1 transfer
0 1/2' 0.9 |0+, lp1/2> + c|2+, ld5/2>
Thus, as almost all of the conditions for two-step scattering 
to occur are fulfilled by 13C(p,pj) and 13C(p,p3), it is desirable to 
search for evidence of such scattering in the angular distributions of 
the inelastically scattered protons. However, before the angular 
distributions can be compared with theory, account need be taken of the 
fact that the overlap integrals in equation (4.1) were calculated using 
an average (i.e. Woods-Saxon) potential. The excitation functions for 
inelastic scattering exhibit strong resonances in the region of low 
energies (see Fig. 4.5). Hence, in order to provide a valid comparison 
with the theoretical angular distribution, it is necessary to avoid the 
effects of resonances of the angular distribution. There are two ways 
one might do this: firstly, to select an energy well removed from any
resonance and compare theory and experiment at this energy, or secondly, 
compute the differential cross-section averaged over resonances. The 
latter is approximated by computing the differential cross-section 
averaged over a finite number of energies, evenly spaced over the range 
of interest. However, in using a sample with a relatively small number 
of energy, the extra condition must be imposed that no one energy be 
allowed to dominate the average angular distribution. Such domination 
would occur if one of the energies of the sample lay on a particularly 
strong resonance.
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There have been no previous systematic searches for two-step 
inelastic scattering. The only published angular distribution for 
^Be(p,pi) is that of Summers-Gill [Su 58], at an incident energy of 
12 MeV. The most forward angle measured has a differential cross-section 
three times larger than the more backward angles. The data, however, are 
very meagre.
Angular distributions for 13C(p,p') have been measured for the 
first three excited states at incident energies of 6.60, 6.89 and 7.05 
MeV [Ko 65] and 7 MeV [Gu 69]. For the most part, these angular 
distributions have been measured at angles no further forward than 30°, 
i.e., at angles too large for the two-step scattering mechanism to have 
been observed. The differential cross-section for scattering to the 
first excited state is falling at 30° as one moves to more forward angles 
at all energies measured. Differential cross-sections in this region are 
typically 3 mb/sr.
For the third excited state, the differential cross-section is 
falling at 6.97 MeV as one moves to angles forward of 30°, but rising at 
6.60 MeV. The cross-sections are again typically 3 mb/sr. The rising 
angular distribution at 6.60 MeV cannot be taken by itself as evidence 
for two-step scattering, since it could be due to a resonance in the 
compound nucleus. The variations in angular distribution at different 
energies indicates the prominence of resonance reactions in determining 
the differential cross-section for inelastic scattering in this region.
§4.3 EXPERIMENTAL PROCEDURE
Proton beams in the energy range 5.25 to 6.75 MeV were obtained 
from the Australian National University tandem Van de Graaff accelerator. 
The beam was magnetically analysed, using tantalum image slits set at, 
typically, 0.125 cm/0.125 cm, and then magnetically switched into the 
experimental line, focused and passed through a tantalum collimator-anti- 
scatter baffle system with diameters 0.15 cm/0.23 cm/0.15 cm/0.30 cm.
The beam was collected in a Faraday cup approximately one metre from the 
target. The beam-energy spread for these settings is normally less than 
5 keV [Op 74].
13C foil targets were manufactured by packing powdered 13C 
into holes 0.5 cm long and 0.1 cm diameter drilled into the points of
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graphite rods that had been "sharpened" for arc-evaporation. The 
evaporate was collected on detergent-coated glass slides at approximately 
15 cm from the arc. The ratio of 12C to 1 3C in the targets prepared in 
this way was approximately 2:1. Targets of 15-20 yg/cm2 of 1 3C were 
used in the experiment. Each counter had an anti-scatter baffle of 3 mm 
(horizontal) x 10 mm (vertical), and a defining slit of 1 mm (horizontal) 
x 5 mm (vertical).
Angular distributions were measured at 250 keV intervals 
between 5.25 and 6.75 MeV (lab.). The range of angles measured was from 
60° (lab.) to as far forward as possible, usually 15°. In addition, a 
monitor counter was positioned at 60°. Certain angles were obscured by 
the elastic scattering off hydrogen in the target. Other contaminant 
reactions, however, such as 12C(p,p0 i), 13C(p,d) and 12»13C(p,a) did not 
affect the region of interest except that at 5.25 MeV, 13C(p,p3) was 
obscured at forward angles by 12C(p,p1). The lowest angle at which 
measurements could be taken was limited, by the low-energy tails of the 
12C, 13C and hydrogen elastic scattering peaks.
Fully-depleted surface-barrier silicon detectors, 1 mm thick, 
were used. Standard electronics were used to preamplify and shape the 
pulses from the detectors. The conversion of the analogue pulse to a 
digital word, and its storage in the computer, has been described before 
[Ro 71].
§4.4 DATA ANALYSIS AND RESULTS
The principal requirement of the analysis is to obtain a 
relative differential cross-section due to the average nuclear potential, 
to test the qualitative prediction that the differential cross-section 
rises sharply at angles forward of 20°. The absolute differential cross- 
sections were obtained by a comparison with previously published data.
The extraction of the differential cross-sections from the data is 
described below.
A typical spectrum is shown in Fig. 4.3. The yields of the 
groups of interest were obtained using the computer program WALLY [Op 71], 
This program locates a peak, then fits an exponential background to 
specified channels on either side of the peak. After subtracting this 
background, the program sums the residues over a specified range. A
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background fit is indicated in Fig. 4.3b and Fig. 4.3c. Examples of the
two situations in which fitting was most difficult, namely at very
forward angles and in the neighbourhood of the peak due to the elastic
scattering of hydrogen, are shown in Fig. 4.4. For each energy and angle,
the yields of the 13C(p,p1 3) groups Y (6,E) and Y (0,E) were extracted,
* Pl P3
and also the yield of the 13C(p,d) group in the monitor counter, ^mon(E)* 
The ratios
Y (0,E) Pl
Ymon (E)
and W fl’E)W E>
were then calculated for all energies and angles. These ratios are 
independent of the target thickness, and their use eliminates the need to 
measure the thickness of each target used in the experiment.
The excitation function for 13C(p,d) at 60° (lab.) — the angle 
of the monitor — was measured over the range of energies considered using 
one target only. Let the yield at each energy be Y^*^ (E). At the same 
time, the excitation function for the pj and the p3 groups was obtained 
at both 20° and 35° (lab.), see Fig. 4.5.
The products
fYn (9 >E f [Y (9,E)1Pl v (ex) , P3
Y (E)mon ^ J
\ J
Y ^ (E) andmon Y (E)monv J
Y (ex) mon '
provide an estimate of the relative yields of the inelastically scattered 
proton groups at each energy and angle. These estimates are the relative 
differential cross-section in the laboratory frame of reference.
The yields were compared with the previously published data 
[Ko 65, Gu 69], to obtain estimates of the normalization constant 
required to convert the relative differential cross-sections to absolute 
differential cross-sections. The details of this comparison are given in 
Table 4.2. The variations in normalization constant calculated at 
different energies and angles are due to the difference in beam energy 
spread, the error in linear interpolation between data points, especially 
where the differential cross-section is varying rapidly with angle, and 
to statistical errors in the measurement of cross-section and yield. The 
standard deviation of the normalization constants is 20% of their total; 
this represents a lower limit or the error of the absolute normalization.
Figure 4.4: (a) Peak integration under difficult conditions: the pi
peak lies on the tail of the proton recoil peak (see Fig. 4.3a). The 
solid line and arrows have the same meaning as in Fig. 403b. The 
parameters by which the background was determined, and the range of 
integration were individually adjusted for this case.
(b) Peak integration under difficult conditions: at forward
angles the tail of the proton recoil peak and the elastic scattering 
peaks becomes large compared to the pi peak. The parameters by which 
the background was determined, and the range of integration, are the 
same as for the bulk of the data analysis.
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An estimate of the upper limit of the error associated with the above 
sources of error is difficult to obtain, but it is thought unlikely that 
the error in the absolute normalization would exceed 40%.
The relative differential cross-sections were then multiplied 
by the mean normalization constant. Transformation to the centre of mass 
system was completed by making allowance for the variation in G-factor 
with angle. (The G-factor is the ratio of the centre of mass solid angle 
to the laboratory solid angle.)
The differential cross-section for inelastic scattering to the 
first excited state is shown in Fig. 4.6, and for the third excited state 
in Fig. 4.7. A direct comparison of the angular distributions with 
previously published data is not possible, because they were measured at 
different energies. Agreements between angular distributions measured at 
different energies is not, in general, to be expected, because of the 
variation of the angular distribution over energies of order 150 keV, as 
illustrated by the data of [Ko 65].
The angular distributions of both 13C(p,p1 3) at the different 
energies indicate significant variations with energy, confirming the 
importance of the resonance contribution to the differential cross- 
section .
For 13C(p,pi), the average of the angular distributions was 
used; for 13C(p,p3), the angular distribution at 6.75 MeV was excluded 
because of a nearby strong resonance. The variation in centre of mass 
angle at fixed laboratory angle at different energies was neglected. For 
p3, the variation in centre of mass angle between the lowest and the 
highest energy used in the average was 2° at the most backward angle used, 
and falling to 0.4° at the most forward angle. For pj, the variations 
are smaller. These variations did not significantly affect the average 
angular distribution.
The average angular distributions are shown in Fig. 4.8 and 
Fig. 4.9. We now compare two-step scattering theory with the 
experimental results.
For 9ße(p,pi), two-step scattering theory predicts an increase 
of 60% in the differential cross-section between 22° and 17° for a proton 
energy of 7 MeV. A similar increase would be predicted for 13C(p,pi). 
However, no such increase is observed in the average angular distribution.
Figure 4.5: Excitation functions for
(a) 13C(p,do) at a laboratory angle of 60°
(b) 13C(p,pi) at a laboratory angle of 20°
(c) 13C(p,p3 ) at a laboratory angle of 20°
(d) 13C(p,pi) at a laboratory angle of 35°
(e) 13C(p,P3 ) at a laboratory angle of 35°
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Figure 4.6: Differential cross-section for the inelastic scattering of
protons to the first excited state of 13C, for the incident proton 
energies (Ep) indicated. The error bars indicate statistical errors 
only.
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The average differential cross-section increases at 11° c.m. However, 
the errors of this point are very large, it is an average over only five 
of the energies, and most importantly, inspection of Fig. 4.6 indicates 
that the increases are almost completely due to one data point, that at 
5.50 MeV. In the remaining four angular distributions, no significant 
increase in the differential cross-section is observed at 11° c.m. This 
is strong evidence that the increase, even if real, is not associated 
with two-step scattering.
If one selects a particular energy, well removed from 
resonances, as a test of two-step scattering theory, the same result is 
obtained. From Fig. 4.5, the energy furthest removed from resonances 
would appear to be 6.25 MeV. The angular distribution at this energy is 
quite flat at forward angles (see Fig. 4.6). It is interesting to note 
the gentle rise in the average angular distribution at 35°; this may be 
associated with direct inelastic scattering, with a transfer of 1 unit of 
orbital angular momentum.
Turning now to the average angular distribution for p3, we find 
once again that there is no large increase in the differential cross- 
section at forward angles. The point at 11° c.m. is again doubtful. It 
is an average of only two data points, only one of which, that at 
5.7 MeV, shows an increase in the differential cross-section compared 
with 17° c.m. Thus there is no evidence that the differential cross- 
section due to the average nuclear potential is increasing at forward 
angles.
A similar conclusion is obtained if one selects an energy well 
removed from resonances as representing the average nuclear potential. 
From Fig. 4.5, the best energy to choose is once again 6.25 MeV; there 
is no evidence of forward peaking at this energy.
It is not surprising that there is no evidence for two-step 
scattering to the third excited state given that there is no evidence for 
similar scatterings to the first excited state. This is because the 
third excited state requires a transfer of 3 units of orbital angular 
momentum, whereas the first excited state is populated after transfer of 
only 1 orbital angular momentum unit.
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It is interesting to speculate on the reasons for the failure 
to observe two-step scattering. Of the five conditions listed in §4.2 
for two-step scattering to occur, the only conditions not met relate to 
the size of the Q-value "mismatch" during the first step of the 
scattering and for the scattering overall.
In §4.2 the comment was made that this "mismatch" was unlikely 
to be serious, in view of the fact that the cross-section for the two- 
step process involves an integration over the momentum of the virtual 
deuteron. It may be, however, that the two-step process is in fact very 
sensitive to the Q-value restrictions.
An alternative, and preferred, explanation for the failure to 
observe two-step processes is that the probability amplitude for the 
process is not strong enough. The probability amplitude for the two-step 
process must be added coherently with that for all other inelastic 
scattering processes, and it may be that these other probability 
amplitudes, principally that of compound inelastic scattering, are much 
stronger and therefore dominate the cross-section.
§4.5 CONCLUSION
The two-step scattering mechanism is not observed in the 
inelastic scattering of protons of 13C. The most likely reason is that 
the compound inelastic scattering is much larger than the amplitude for 
two-step scattering.
Magzumov et at. [Ma 70] suggested two other cases in which two- 
step scattering might be observed: 9Be(p,p!) and 170(p,p1). The first
excited state of 9Be is unbound. D.W.B.A. calculations of the direct 
inelastic scattering to this state [Nu 72^, for progressively smaller 
binding energies, suggest that the angular distribution would be 
qualitatively similar to that for two-step scattering. Hence, a 
measurement of the angular distribution could not distinguish between the 
two processes.
In view of the results of the present experiment, it is 
probable that compound inelastic scattering would prevent observation of 
two-step scattering in 170(p,pi).
Thus, the observation of the two-step scattering mechanism for 
protons seems improbable. In searching for two-step inelastic scattering,
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it is necessary to choose systems, such as those with complex projectiles, 
in which the compound inelastic scattering is small. However, for 
inelastic scattering, the direct process may still contribute 
significantly to the cross-section. It is only in reactions such as 
(t,x) that both compound nucleus and direct contributions are small, and 
in this direction lies the best chance of observing two-step processes.
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Table of Contents
Page vii - The page numbers, beginning from Chapter 1 should read "1, 2,
3, 5, 6, 6".
Chapter 1
Page 2, paragraph 3, line 4 - change "[Ha 67]" to "[Ha 67a]".
Page 3, paragraph 1, line 1 - change "consequently the widths of the states
populated by direct reactions" to "this is basically because the 
widths of the single-particle states of the entrance channel".
Page 3, equation (1.4) - change "41.8 MeV/(nucleon fermi2)" and the two
lines following to’1^ -1--- Mev amu fermi2".
Ma2
Page 5, paragraph 1, line 2 - change "[Ma 73]" to"[Ma 73a]".
Page 5, paragraph 3, line 2 - change "50" to "55".
Chapter 2
Page 8, paragraph 1, line 1 - change "amplutude" to "amplitude". Also 
change "[Bl 54]" to [B1 52]".
Page 8, equation (2.10) - change "(1 - 2 '^S£)" to "(1 - e2^^ S,)".
Page 9, equation (2.13) - change to 
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Page 9, paragraph 4, line 1 - omit the sentence "This will .....  also complex".
Page 11, paragraph 4, line 1 - should read "fluctuations in reaction cross-
sections correlated tf
2Page 11, 
Page 13,
Page 17,
Page 19,
Page 19, 
Page 19,
Page 19,
Page 19,
Page 25, 
Page 26, 
Page 31, 
Page 39, 
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e q u a tio n  (2 .2 3 ) - change to
i t o  =  re a c
KY
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p arag rap h  6 , l i n e  3 - change " o f  s h o r t - l i v e d  a c t i v i t y  by th e  beam" 
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p a rag rap h  2, l i n e  6 - change "Over th e  whole ran g e  o f  com parison" 
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p a rag rap h  3, l i n e  6 - change "shape o f  th e  Coulomb b a r r i e r "  to  
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p a rag rap h  3 , l i n e  6 - change "which c o rre sp o n d s"  to  "which would 
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p a rag rap h  4 , l in e  2 - change "ab o u t 15 keV f o r  most e n e rg ie s "  
to  " th e  energy  lo s s  in  th e  t a r g e t  i s  c a lc u la te d  to  be le s s  
th a n  50 keV f o r  most e n e rg ie s ,  and th e  d a ta  a re  c o n s is te n t  w ith  
t h i s " .
p a ra g ra p h  4 , l i n e  1 - "Van de G ra a f f" .  
p a rag rap h  3, l in e  4 - i n s e r t  "and" a f t e r  th e  comma, 
c a p t io n ,  l i n e  3 - change " s u b s t r a te d "  to  " s u b t r a c te d " ,  
p a ra g ra p h  1, l i n e  8 - change " r a d ic a l"  to  " r a d i a l " ,  
e q u a tio n  (2 .3 2 ) - change to
3Page 41, p a rag rap h  2, l i n e  5 - change " In  p a r t i c u l a r ,  th e  phase  s h i f t s  
a s s o c ia te d  w ith  th e  p o t e n t i a l  p a ssed  th ro u g h  zero  ( in d ic a t in g  
a maximum in  th e  r e a c t io n  c r o s s - s e c t io n ) " to  "W ith s tro n g  
a b s o rp t io n ,  th e  r e a l  p a r t s  o f  th e  ph ase  s h i f t s  a s s o c ia te d  w ith  
th e  p o t e n t i a l  p a ssed  th ro u g h  zero  (compare w ith  [Mo 6 8 ] ) " .
Page 41, p a rag rap h  4 , l in e  4 - "Coulomb p o t e n t i a l  te rm " .
Page 41, p a rag rap h  4 , l i n e  5 - " c e n t r i f u g a l  te rm " .
Page 42, p a rag rap h  1, l i n e  3 -  change "form ed" to  " fo u n d ".
Page 42, p a rag rap h  5 , l i n e  4 - " v a r io u s  p roposed  m echanism s".
C hap ter 3
Page 47, p a rag rap h  3, l i n e  3 - om it " v ib r a t io n a l " .
Page 49, p a rag rap h  2 , l i n e  1 - " th e  u su a l i n t e r p r e t a t i o n " .
Page 49, p a rag rap h  2 , l i n e  6 - change " [Ly 71b]" to " [L y  7 1 a ]" .
Page 49 , p a rag rap h  4 , l in e  6 - change " [Ly 71b]" to " [L y  7 1 a ]" .
Page 50, p a rag rap h  1, l i n e  7 - change "[Ly 71b]" to " [L y  7 1 a ]" .
Page 50, t a b le  3 .1  - under "E nergy" i n s e r t  "(M ev)".
Page 51, p a rag rap h  3, l in e  5 - change " in  th e  channe l C ."  to  " in  th e  
ch anne l C, and th e  a re  d e f in e d  by th e  e q u a tio n  
C A - \ y -  Ce - E - i ) Xy
where e i s  a d ia g o n a l m a tr ix  whose e lem en ts  a re  th e  e ig e n e n e rg ie s  
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where A_ i s  th e  s h i f t  m a tr ix ,  whose e lem en ts  a r e
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where is the penetration factor".
4Page 51,
Page 51, 
Page 52, 
Page 53,
paragraph 3, line 5 - commence new paragraph from "For 
processes of .............."
paragraph 4, line 3 - change "239U(d,pf)" to "239Pu(d,pf)n. 
paragraph 2, line 11 - "30 meV".
equation 3.8 - should be "g^ - g-j -Z-?
Lv  \ h i
" 0 n 0Page 53, equation 3.9 - should be ^ _ =  ^  “  L, _ ^ lJI
Page 53, equation 3.11 - should be Z  l7 - lrN Z \  -
^  A i r  1
Page 53, equation 3.12 and two following lines - delete these lines. Add 
"The matrix element, h, of the perturbing interaction responsible 
for the mixing of the class I and class II levels, given by
h = Tv £ I Hpj A tj> = <( I (3 b)
has been taken as constant [Tr 72]. In equation (3.12), Hp is the
Page 53,
perturbing Hamiltonian.".
paragraph 2, line 1 - change "On physical grounds"to "On the 
physical grounds mentioned previously".
Page 53, equation (3.13) - should be
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Page 53,
Page 53,
paragraph 3, line 5 - change "of equation (3.3)." to "of equation 
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paragraph 3, line 5 - delete from sentence beginning "Equation 
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ending in "......... and so will ^ x and the cross-section."
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Page 55, 
Page 56,
paragraph 4, line 2 - "Van de Graaff".
paragraph 5, line 2 - "in front of the scattering chamber of 
the double-focussing spectrometer.".
Page 56, paragraph 6, point 3, line 2 - the new sentence begins a new 
paragraph.
paragraph 4, line 1 - "1.25 cm O’/  2 inch)".
paragraph 9, line 1 - change "The yield of protons in the region 
of interest," to "The yield of protons detected in the double­
focussing spectrometer in the region of interest,".
Page 65, paragraph 1, line 10. - change "obtaining a usable spectrum."
to "obtaining a usable spectrum with the double focussing spectrometer."
Page 61, 
Page 63,
Page 66, paragraph 1, point 3, line 1 - "the population of states in 2 36i
by (d,p) which fission
-  6 -
Page 69, paragraph 5, line 4 - "Van de Graaff".
Page 70, paragraph 3, line 3 - change "30 pA" to "30 nA".
Page 74, paragraph 4, line 6 - change "[Wi 66a]" to "[Me 55]".
Page 75, paragraph 1, line 1 - change "candidated" to "candidates".
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236U is accessible ............".
Page 92, paragraph 1, line 2 - change "48-50 MeV" to 4.8 - 5.0 MeV". 
Page 92, paragraph 1, line 6 - replace "it is also in accord with" with 
"It also parallels".
Chapter 4
Page 94, equation (4.1) - change the first line to
" st =NlL' 2 J V  VCt-sJ)^  TT Ä isp 1 i,$, T
Page 97, paragraph 2, line 14 - change "approximated by the value" to 
"approximately proportional to the value".
Page 97, equation (4.4) - should read «
J0 % Ro ( kf $o) u£l(^ •
Page 98, paragraph 4, line 8 - change "momentum transfer of 3" to
"momentum transfer of 3, assuming processes involving a spin 
flip are negligible.".
Page 100, table 4.1 - line beginning "3.854", should read
" 5'/Xi' 0 -9(0 +, + *Sl/3)
IdS/i)
2S f I
Page 100, table 4.1 - line beginning "0", should read
l/jL~ + o-<*/*+, lp3/0
II
0
7Page 100, paragraph 1, line 11 - replace second "of" with "on".
Page 100, paragraph 1, line 18 - replace "energy" with "energies".
Page 104, paragraph 5, line 11 - change "or" to "on".
Page 106, caption to table 4.2 - Enter above "Data from .........",
"Group and angle are common".
Page 114, paragraph 2, line 1 - replace "was unlikely to" with "need not". 
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